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This is the third section of "Cold Regions Science and Engineering
to appear. It summarizes existing knowledge on the properties of snow
as a material; its propertien as a cover will be found in fl-Cl. "Snow
and Ice on the Earth's Surface'. now under preparatioei.

Dr. .13P er has written most of this section but Dr. lKurolw= was
aatI1ilL* 4 - write on the Electrical Properties of Snow as a Specialist

Sections of the work will appear as they become ready. not neces-
sarily in numerical order, but fitting into this plan.

I. Environment
A. General
S. Regional

II. Physical Science
A. Geophysics

1. Micrometeorology
2. Exploration Geophysics

B. T4je Physics and Mechanics of Snow as a Material
C. The Physics and Mechanics of Ice

1. Snow and Ice on the earthls sarn
2. Teo as a material

D. The Physics and Mechanics of Frozes Ground
I. Properties of frozen soils
A. Permafrost

III. Enifineorins
A. Snow engineering
B. Ice engineering
C. Froson-giround engineering
D. Generai engineering

IV. Miscellaneous

F. J. WIGQEA

To" Jun l

f"



SNOW AS A MATERIAL

by

Henri Bader

Snow is a porous, permeable aggregate of ice grains. The grains can be predomi-nantly :Angle crystals% or close groupings of several crystals. The pores are filled withair and -ater vapor. In wet snow the grains are coated with liquid water.

The characteristic property of snow is its inhe..ent thermodynamic instability.Consequently most of the interesting physical parameters inevitably change with time.
This process of change it, called snow metamorphism.

A. METAMORPHISM
Snow metamorphism is a change of texture and structnre, an evolution beginning

with the deposition of snow and ending only when it hac ceased to exist, either by ablation
or by changing to relatively dense ice.

A few salient conditions and properties of the material are responsible for meta-
morphism.

a) Temperature proximity to the melting point. Even in the coldest natural
environment, the temperature is relatively close to the melting point.

b) High vapor pressure.

c) Crystallinity and anisotropism.
d) Low viscosity.
e) Porosity.

Consider a snow grain (ice crystal) in a small closed dry air space. The temperatureis close to the melting point of ice (say within 50C). This means At we have a highstate of thermal oscillation of the water molecules around their lattice position;the lattice .. c? -. t, breakdown. The lattice force field, whic. .trains the watermolecules from straing away from fixed lattice positions, weakens near the crystalsurface, an(' the surface becomes covered with a quasi-liquid layerx'within whichindividual nrolec;•les -nd groups of molecules can move around. One might say that thelattice becomes t',zy close to th.a surface. The random thermal agitation of moleculesat the ice surface often results ii imparting to individual molecules velocities sufficientlihigh to kick them out of the curface layer into the surroundinp air space, where they-..• - become a compcnent of the gas phase. As the water vapor .oncentration in the air space/ ,increases, an increasing number of water molecules impinge back onto the 1-e surface,
and those that hit with low velocity at points where the thermal agitation happens to below at the moment of impingement are reincorporated into the bcundary layer. A dy-namic equilibritum is established in a very short time, in which the number of moleculesleaving the ice surface to move into the gas space is equal to the number falling backInto thd surface layer. The concentration of water vapor in the gas phase is given in
terms of vapor pressure, which is strongly temperature-dependent.

Figure I shows this dependence. It also shows that ice has a lower vapor pressurethan supercooled water of the same temperature, which means that ice and water cannotco-exist In equilibrium at temperattres below the melting point. If, for instance, apiece of ice and a dish of supercooled water were placed side by side under a bell-jar at-5C, then the water would tend to evaporate until the vapor pressure in the air in the
jar reached 3. 17 mm of mercury. But the air would then be supersaturated with respectto the piece of ice, which has a vapor pressure of only 3. 03 mm, and more vapor mole-cules would fall into the ica surface layer than would be ejected from it. A vapor pres-sure gradient would be established between the air over the water dish and the air overtl.e piece of ice, and water vapor would move from the dish to the ice by diffusion.

*bee References
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SNOW AS A MATERIAL 3
Discussion of another aspect of this hypothetical experiment is pertinent to the under-
standing of the principles governing snow metamorphism. It concerns the rate of
transfer of water substance over the vapor phase. The highly dynamic nature of the
equilibrium between water or ice zurface and vapor in the surrounding air space signi-
fies that a disturbance of this equilibrium by addition to or removal of water vapor from
the air space will be quickly compensated by condensation or evapordtion at the surface.
Experiments2 indicate that a dry air layer about I mm thick over ice is saturated to 80,
in t sec by evaporation from the ice surface. One mig',t then suppose that, if a flat
piece of ice were suspended -• mm over the surface of the dish of supercooled water, the
rate of growth of ice at the expense of water would be very rapid. It would actually begin
at a very rapid rate, but immediately the water surface would begin to cool down because
of twe loss of latent heat of evaporation (600 cal/g) and the ice surface would warm up
because of a gain in heat of condensation (sublimation, 680 cal/g). This would lower the
difference in vapor pressure between the two surfaces and proportionally slow down the
rate of vapor transfer. The rate of heat flow from the interior of the water towards the
water surface and from the ice surface towards the interior of the ice block wculd then
become the dominant factor in controlling the rate of vapor transfer.

In summary, one important fact is that mass transfer over the vapor phase i ac-
companied by energy transfer. If two ice grains of different temperature are brought
"close together, the cold one, having a lower vapor pressure, will grow at the expense
of the warmer one by vapor transfer, until the temperature difference is wiped out by
the corresponding heat transfer. Now consider a rod of ice in which a constant tem-
perature difference is maintained between both ends. There are four heat transfer mecha-
"nisms, two of whic1.. involve mass transfer.

a) He.! flows in tl.e rod by conduction.

b) Heat flows in the surrounding air by conduction * convection.

c) Evaporation at the warm end and condensation at the cold end transfer heat
and mass via the vapor phase. The heat transfer is equal to , j latent heat of subli-
mation of the transported mass.

d,1 W.t. r molecules will creep along the quasi-liqL . ..irface layer from the
warm end of t•e rod, where thermal agitation is strong, towards the cold end, where it
is weaker. The mass removed from the surface layer at the warm end must be re-
placed by quasi-ieruefaction of the underlying crystalline ice; thus the emerging trans-
fer accompanying surface molecular creep has the latent heat of fusion as a maximum
value, but is perhaps smaller, because the layer is not quite liquid.

The quotad values of vapor pressure are those for eruilibrium over flat surfaces.
Convex surfac,.s have higher, and concave surfaces lower, vapor press" :e than flat ones.
The magnitude of the curva. ire effect, as calculated from theory for liquids appears to
be negligibly small for curvatures larger than about 101. Observation, however,
indicates that it is important in snow when the grain curvature is as large as a few
hundred maicrons. Figure 2 is a series of photographs of a snow crystal placed on a
microscope slide, surrounded by a v;.seline ring, and covered with a thin cover glaLs,
which did not touch the crystal. 2 The slide was stored at temperatures always below
-2. 5C. Attention is drawn to the following Interesting features of Figure 2.

a) The frozen cloud elements (diameter approximately 30N) picked up by the
falling snow crystal vanish very quickly. They do so partly by evaporating because they
have a higher vapor pressure corrssponding to their small radius of curvature, and
partly by flowing into the quasi-liquid surface layer.

b) The sharp points of the braiirhex become blunt. There is a general
tendency for material to evaporate or creep away from positions where curvature radii
are small: hence the branches separate from the main body of the crystal where they
are thin, and then become rounded. The larger spheres then grow at the expense of
the smaller ones, exclusively by vapor transfer, since there is no contact.

Proof that surface creep is significant was obtained by similar experiments, where
vapor transfer was suppressed by immersinp the snow crystals in kerosine. Metaror-
phism was then a few nimes slower than in air.

- r7"
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Figure 3. Symmetrical metamorphism of a snow
crystal in a small air space. Magnification I!..

Figure 3, also of a crystal in a
small air spaco. shows symmetrical
behavior, g- v aided by the fact that
only the ra; nter (white spot) was
in contact w. .e glass slide. As a
model of metamorphism, it reveals
three interesting features. One Is that
the rate of change is highly temperat-re-
dependent; there was very little change

V ,a during 7 days at -I1. SC (Fig. 4).
Another is that the rate of change de-

* creases with tln+e. Tih third is that at
temperatures very c1obs. o the melting
point, surface tention in the quasi-liquidd
surface layer can overcome the tendency
of the lattice to form crystallographic
.lelements (planes, edges and vertire.
The 45 -day picture is of a flat hhxagonal
prism with rounded edges, which in 9
days at -2. 5C changes to a cylinder.
This would not have happened if the temp-

05 . * aso &o , erature had been a few degrees lower, or
if the crystal had been much larger.
Furthermore, if the temperature had been

Figure 4. Graph of diameter of crystal much lower, the edges of the prism would
of Figure 3. have become sharper. It is most probable

that, given enough time at a temperature
sufficiently low to suppress swrface tension effects, any ice crystal will assume the equi-
librium shape of a hexagonal prism of approximately equal width and height. Old snow
grains tend to become equidimensional and to develop crystallographic faces if they are
large or if the temperature is low.

""2 Al
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As already stated, the surface of an ice crystal surrounded by air is covered by a
very thin que-i-liquid layer in which the water molecules can move fairly freely, in
contrast to concitions in the interior of the crystal, where they occupy distinct lattice
positions. When two crystals are brought into contact, the thin surface layers merge
and molecular mobility diminishes as the constraining f£rce-fields of the lattices act-
ing fr.jm both sides gain the upper hand. The quasi-liquid layer does not completely

A vanisa ;mless the lattices of the two crystals fit together perf.atcly (i. e., the crystallo-
graphic axes happen to be strictly paralle!). An amo.'piv;&u interface (grain boundary)
remains, which ;j normally plane and visible as a thin line in section. The formation
of this relatively stable intargrain boundary can occur within minutes under optimum
conditiona. It is favoidd by pressure and high temperatures and retarded by low tem-
perature which slows molecular diffusion.

The intergrain boundary bonds the two crystals. The strength of the bond is not
sensibly different from that of the crystal itself; and there is no detectable difference
between bond formed with or without melting and no reason for assuming that they should
be different. Tht dry bond, however, forms more slowly than the wet one. When a
piece of snow is broken or crushed, failure occurs predominantly at the grain bonds,
which are weak sections only because they are small. The larger the individual and total
grain contact areas, the stronger the snow. The original contact area (bond) between
two convex grain surfaces is very small. It probably very soon attains its maximum
strength per unit area, so that increasing strength with time (age-hardening of snow) is
due to increasing size of the contact area. It is interesting to note that increase in con-
tact area between two grains is not accompanied by significant reduction of the distance
between grain centers. 2 1 Thermodynamic processes in snow do not of themselves
affect the snow volume. They can, however, change the density by adding to, or sub-
tracting from, the mass in a given volume.

Gravitation causes primary vertical body forces in the snow mass which are
transmitted in all directions from grain to grain in the structure.

There are two main effects of these forces:

a) , ication by viscous shear deformation alon, ;rain boundaries and
grain deformatio.n, which produce denser packing, normally wasnout loss of cohesion.
Sudden str.ctur3l collapse by breaking of bonds occurs when the crushing strength of a
snow layer is r.acl ad by the wutght of overlying snow accumulation. This often happens
In "depth hoar," a coarse-grained, poorly bonded, highly viscous type of sr.ow, and is a
major cause of avala.aching. Other types of snow have sufficiently low viscosity to react
to slowly increasing load by densification accompanied by sufficient increase in crushing
strength to prevent structural collapse. Densification by plastic mechanical deformation
of the single crystal grains is most probably insignificant, except in the c--e of the dense
snow occurring at depths of tens of meters in glaciers.

b) The Kiecke effect. This may be an important metamorphism-accelerating
factor, but is not known to be so. When a crystal in equilibrium with its liqcuid or vapor
phase is stressed, solubility or vapor pressure differences are produced. More high1
stressed parts of the snow crystal surface will melt if wet, or evaporate if dry, and less
stressed parts will grow. A spherical grain squeezed between two others will thus tend
to flatten more or less eliptically. The result is similar to that produced by plastic de-
formation of the grains, but is perhaps achieved at lower stresses.

We can distinguish four fairly distinct kinds of snow metamorphism:u2

I) Destructive metamorphism of dry snow. A few days after deposition of
the original snow, crystal shape is almost completely lost. Often its only indication is
that larger flat snow stars have changed into somewhat flat grains. The end product of
destouctive metamorphism usually consists of a fine-grained snow of density between
0, IS and 0. AS g/cm'. This is the skier's powder snow. Grains are rounded and weakly
bonded. Each grain Is a single crystal with only one or two small crystallographic
faces. Very few grains are smaller than 0. 2 mm, the predominating size being from
0. 5 to I mm, sometimes somewhat larger.

Further metamorphism of this snow depends, if It stays dry, above all on whether or

not it Is plastically densiiied by the load of later snowfalls. If the snow is densitied to
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Figure 5. Depth hoar crystals 100 days old Figure 6. Wet spring snow, large
*Density 0. Z6 glem'. Magnification 3x. composite grait~i. Magnification 4x.

I,,-.2mm1.2 flm-0, 08 0.6mm

0.8k 0,5. .50.3- 0.3-0.2

Figure?7. Screened fractions of granular snow.
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as much as 0. 3 g/cm3, further increase in grain size becomes very slow. But the area
of grain cont-.ct increases and the snow hardens. Only on high polar glaciers, where"such snow never melts, do we, in the course of one or two years. observe significant
further grain growth ar.J moregenerous development of crystallographic elements, often
accompanied by some reduction in strength. This is slow constructive metamorphism.

., Constructive metamorphism of dry snow consists in growth of grains to
signifiaantly more than I inr,, wvimIdevelopment of cryottalloiraphic elements (faces,
edges, and vertices). It is slow if the density is high. If the density is below aboutS / 0. 3 g/cm'. it can become very rapid when vapor transfer is accelerated by convective
air flow in the large pore volume, owing to a strong positive temperature gradient
"(colder at the top than at the bottom). The end product of constructive metamorphism
is a very distinctive snow type known as "depth hoar," or "Schwimmschnee" from the

/ ! /German. Here grain size is between 2 and 8 mm, and single crystals as large as
15 mm abre observed. They often shaw excellent crystallographic development (Fig. 5),
large faces and sharp edges and vertices: la A variety d shapes can be observed,
such as short prismatic or tabular solid crystals, and hollow hexagonal or rectangular
cups. Bonding of grains in depth hoar is very poor; it has a high viscosity and low
strength, and can be collapsed by shock or surcharge, to the increase of which it cannot
react by rapid viscous densification. Depth hoar is a troublesome snow type. it is a
major cause of avalanching. is a great hindrance to oversnow traffic, and is most dif-
ficult to compact to hard roads and runways. The lightest depth hoar has a density of
little less than 0.2 g/cms, and the heaviest little more than 0. 3.

3) Melt metamorphism characterizes the changes produced in snow by the
presence of liuidM water. When snow becomes moist, temperature gradients and their
effects vanish. But the rate of densification of low-density snow in-reases because of
the constrictive effect of the high surface tension of the water film covering all the
grains. All crystallographic elements quickly vanish. Crystals become rounded and,
for an unknown reason, some intercrystalline bonds grow very rapidly while others
dissolve. Clusters oi several grains, which form small denser gions in the snow
structure, coalesce to larger polycrystalline grains (see Fig. bonding between
grains ip ver, ... As meltwater percolates through the on. .ystals normally
grow to a nmaximunm size of about 3 mm and composite grains to about 15 mm. Within
a few days *his metamorphism produces the well-known "rotten" 3now of the thaw
season.

In the accumlatlhi areas of glaciers, melt metamorphism produces c.-arse-grained
* ndv6, which can acquire any density up to that of ice by slow plastic densificatiun and

annual addition of ice mass by freezing of percolating melt water.
W.en wet snow freezes, it acquires high strength because bond size is Ircreaccd by

the freezing of water preferentially retained at the re-entrant surfaces at the bonds. It
again loses strength on becoming wet because bonds decrease in size by preferential
melting perhaps mainly due to concentration of temperature-depressing soluble impuri-
ties there. Percolating meltwater is not equally distributed In all layers of a snowpac'c.
Some retain very little, while others absorb water almost to saturation and convert to
dense ice layers or lenses on refreezitig.

4) Pressure metamorphism. This is a new term. introduced here to charac-
terize the densification of dry ndv6 on high polar glaciers. It ,:an take nd-d many decades
to change from snow of density around 0.45 to ice of density 0.83 g/cmn (this is the

•" donsity at which the air permeability decreases to zero. and snow changes to ice by
definition). Thermodynamic processes, such as grain and grain-bond growth by vapor
or surface migration, appear to be of secondary importance during this period of very
slow change, the situation being dominated :y processes of mechanical deformation under
pressure. Hard surface crusts are formed in several ways.

a) Refreesing of surface layers wetted by thaw, rainfall or wet fog fali-out.
b) Surface condensation from moist air.

c) Packed deposition of windborne drift snow.

- I I I WI - -- -- T
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convection, crusts between snow layers are per'haps also formed by vapor migration.

Crusts are important diagnostic features in the snow pack, especially as an aid in
counting annual layers. There are still unexplained crust formations In dry snow.

., B. STRUCTURE

Any snow which has gone through the stage of destructive metamorphism is granular
(Fig. 7) and can have any density above about 0. 15 g/cm 3 . If such snow isa disaggregated
and heaped when cold, it will show a porosity of about 0. 45 (density 0. 5 g/cm') similar
to that of a heap of dry sand. This demonstrates that, except possibly in the vicinity of
density 0. 5, the structure of snow as a granular aggregate is not Akin to that of a lightly
sintered granular heap. Low-density dry snow (less than 0. 5), which includes all season-
al snow, has a very Irregular structure, perhaps best described as composed of randomly
oriented intersecting chains of grains. This type of structure can be derived from one
consisting of packed granules, by conceptually removing some'of the grains, leaving an
irregular lattice. In such a structure a significant number of the grains ha's a igh
di-gree of mobility affecting only a small volume. In other words, the:e are relatively
large pore spaces into which grains can move when the structure is deformed. This
property of the strazcture of low-density snow is important to an understanding of its
mechanics. It could be deformed by shearing of grain contact areas, without deformation
of individual grains. As the density increases, the average number of grains in contact
with each grain increases, and the degree of mobility decreases. At a density of around
0. 5 g/cmd the condition of close packing Is approached, and further densification is not
possible without deformation of grains.

A ~The thin section (Fig. 8&) is of dry JO-yr-old ndvd from 8 mn depth in the interior of
the Greenland ice sheet.aU The grain sections are white, the lines are rain boundaries
and the black areas pore space. Density is 0. S0 g/cml (poros~ty 45. 4%), mean grain
cross-sectional area 0. 5 mml, ratio of total length of grair 'daries to total grain
perimeter is 0. 35. There are 120 grains per cmu . Figure of a thin section of
dry nfvd, 70 yLA. s old. The density is 0. 73 g/cm5s (porosit) . .4%). close to that of
ice. Mean Igra'n cross-sectional ares to 1. 0 mmz, and grain-boundary to grain-perim-
eter ratio is 0. 63. There are 80 grains per cml.

Assunting thaL the two snows were originally the same, it took 60 years at -24. SC
with pressure incre'asing linearly f iomn 0. 3 to 2. 8 kg/cm2 at the rate of 0. 04 kg/cm3 -yr
to halve the porosity and double tgha mean grain cross-sectional area. Figure 9 gives
the relation between density and the mean number of grain ontacts per grain (in thin
sectpon' no. It appears to show a discontinuity at density 0. 5 g/.ms. Sin thin sections
of snow of density lower than 0. 3 g/cdem show mainly Isolated grain sections and, except
for studies of grain crystal axle orientation, yield almost no information on the struc-
ture. A large nulaber of very closely spaced parallel sections must be made, and the

Slstructure model cannot be well presented in print.c

Description and statistical treatment of pertines t parameters of $now structure are
not yet sufficiently well developed to permit good translations of data from two-dimen-
sional thin sections to the three-dimensional structure". This inherently difficult
problem is complicated by the fact that te snow structure is ver often anisotropic.
Structure anisotroplarn in of two types. The f4rst is geometric, for instance perallelism
of flattened grains, and has hardly been studied. The second refers to orientation
patterns of the crystallographic c-axis of the grains, determinable by optical means.
We can sometimes find a primary vertical preferred orientation due to preferred sedi-
mentation of plate or star snow crystals in horizontal position. The same preference
develops during destructive and constructive metamorphism, where c-axis ptsition
parallel to the maximum temperatune gradient appears to be advantageous to grain
growth. In dry snow, pressure metamorphism favors the development of grains with
vertical c-axes, but it Is not known whether grains tend to rotate to this position or
whether those with vertical axes grow at the expense of differently oriented ones.

AV.igt hetososwr oiial h smi oka yasa 745
wihpe'r nrain ieryfo .3to28k/m tteraeo .0'gcZyIohleteprit n obet•ma gancosscinlae.Fgr ie

i the~~~~ r*ainbtee est n me mean~-/ nubro r.ncnacsprga(nti

setin-- .I per oso icniut tdest . /.3 i':. hnscin
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Figure Sa. Thin section of 10-yr-old neve.
Density 0. 5 g/cms. Pore area is black.
Magnification 3. Sx. (From Fuchs. ref. 13).

Figure 8b. Thin section of 70-yr-old nJ.,SI

Density 0.73 g/crns. Magnification 3.8x.
(From Fuchs, -ef. 13)

Shearing deformation produces strong orientation to parsilelism of basal planes (normal
to c-axis) with the shear plane, while tension leads to a structure with grain basal
planes predominantly parallel to the direction of tensile stress.9

A thorough basic study of snow metamorphism and snow mechanics in relation to snow
structure is yet to be done.

C. TEXTURE

Snow crystal shape has already been disussed under metamorphism. In relively
new dry snow, up to several months old, the grain is predominantly a single crystal.
but in older dry snow there is a tendency towards formation at grains consisting of
several crystals. The process is apparently * dry "fusion" of several close neighbors
to a more or loss irregularly shaped, internally strongly bonded unit, which then be-
c rnes the new grain of the snow structure. In the course of decades, as this snow is
compressed to ice on high polar glaciers, one of the crystals of thd grain slowly grows
at the expense of the others, until we again have a single crystal grin. For determin-
ation of grain size distribution, weakly bonded granular snow can be mechanically
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I . 1-~U"4.8-0 grai 1ie isri utio (in apn nw

>,.. ~ ~ ~ (Fromn DeQue rvain, ref. 11)

iT F1 j'disamgegter lies clscree d to the 50 ulatied
.J j I value, tThe majost of gie nrains smowalleproi

.. 1. - gtain 0.2ameitery w mall th nvd tend ofte-

teni rps of twicnayes t he averagesie

inmeaer poriescone to the 5%cumulativedlt-
(bsasued one mass, not orans nsmblero

9 1 ~average diameter and covers r
Figre . Prosty nddensity vs mean 80% to 90% of t' - tal mass. Figure 10

-nmbr f djcet ransper grain, shows a numb% istribution curves for(Fvn uh, e.13) Alpine snows at .. ows:

Curve Age_(days Donsity tg/crat)

Ia, lb 6 .214
Za, Zb 15 .29Z

3 42 .323
4a, 4b 196 . Z85
Sa, 5b 118 .357
6a, 6b 175 .228

There are many ways of determining and defining grain size and grain size distribution.
and in quantitativo work on snow, a generally accept-ed -convention has not yet e en
established. When 3now is screened into fractions, we will define the mean grain d-am-
eter d of a fraction in terms of the length of the side of the square mesh opening. If the
froctron passes through squares of side length M and is retained on squares of side m,
then:

U W in the weight of a fraction, and the mixture is separated into a fractions of mean
SrfIn diameters di, thnthe mean diameterra of the mixture is:

117
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If grains are counted and measured under ths microscope,19 a rather complicated
computation his to be made to obtain d, &s determined by screening, because the grains
are not spherical. If measurements are made on thin sections of snow, determination
of do becomes still more difficult. This subject requires research, beciuse well bonded
snow cannot be disaggregated for screening without excessive breaking of grains. Defi-
nition o0.' grain shape pertinent to the definition of grain size, is another aspect of snow
texture hich requires attention.

D. INr-.X PROPERTIES "4

Identification of snow type for any given purpose is n.t a well developed subject, and
a great deal of systematic work, consisting of determination of a large number of param-
eters on many different snows, would have to be done to make it so. The following
index properties are considered:

I) Density (specific gravity) is mass per unit volume, usually expressed in
g/cma, but engineers sometimes prefer lb/ft3 (I g/cms = 6Z. 4 lb/ft3). Density is
measured by weighing a known volume, or melting a known volume of snow and measuring
the volume of melt water. By careful use of the standard SIPRE SD0 cms snow tube
(stainless steel 58/60 mm, 198 mm long) density is easily measured to three significant
figures. For the purpose of correlation with other propertie-, two significant figures
are often insufficient. Density is by far the most significant index property of snow.

3) Porosity and void ratio

Eorosi! is the ratio of volume of voids to snow volume. This is the
absolute porosity_, and is calculated from the snow dens!!y y and the ice density yi-

"i = 0. 917 = I - 090y.

Yi o. 917

Table L gives values of the absolute porosity n (in percent) for ties between 0. 030
and .3. 917 g,'c:i T'I e relative porosity refers to the volume r tommunicating
pores, and iq almos, equal to absolute porosity for low- or med.-a--casity ^now.
Only in very high-density snow, above 0. 7 g/cmr, does the volume of the isolated pores
become sigaific.-t. NJo measurements of relative porosity of high-density snow have
yet been made.

The void rati.., e, is the ratio of the volume of voids to the volume of the
solid substance.

Yi"V n
y ['

3) Hardness is the resistance to penetration by a rigid object. The most
commonly usediin'strument is the drop-hammer actuated Swiss Rammeonde, a tube with
a conical tip. 2 The penetrating cone has a 60-deg angle and a base diameter of 40 mm.
The ram hardness number Is expressed in kilograms, and runs up ýo a few thousand
for very hard snow of density 0. 5 g/cm3. The Canadian hardn-is gage, a hand-pushed
spring-loaded circular plate, has been much used in softer snows to measure the
crushing strength in situ. The Canadian hardness nunber is expressed in kg/cm'. Both
these instruments penetrate at rates sufficiently" high to eliminate effects of plastic
deformation. The slow CBR Test (California Bearing Ratio), developed for soils, Is
used only in very hard snow.

4) Grain size It determined by visual inspection (with hand lens) of grains
spread out on apl having a I mm grid, by measurements under the microscope, or
by screening or elutriation. Grain size is usually given in mm, but often onty qualitative
statements are made, such as reference to fine-, medium-, coarse-, or very coarse-
grained snow. This refers to the predominating grain diameter, and bere the classifi-
cation of Schaefer, Klein and Do Quervain 5 Is gaining popularity.
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Predominating grain
diameter (mm) Designation

<C 0. 5 very fine grained 0 is)
0. 5 to 1. 0 fine grained (ig)
I. 0 to 2. 0 medium giail.ed a mg)
Z. 0 to 4.0 coarse grained Icg)

> 4. 0 very coarse graineO. Ivcg)

5) Grain shape is observed mainly for distinguishing betvinen different types
of new snow, fLr identification of depth hoar, and for deciding that & given dry snow has
or has not been previously wet.

6) Permeability is given in terms of the inverse of the resistance to the
passage of air through snow. It is a most useful parameter for definition of snow type,
but has not been used much for lack of a field instrument. Pernmeability is discussed in
a separate section.

7) Ultimate strength. Tensile, shear and crushinb strengths must be measured
zip Ligh rates of loading to eliminate the effects of plastic yielding (testing time of the
order of 10 sec). For practial 'purposes, tensile strength is equal to cohesion (shear
strength at zero normal pressure). Relatively simple instruments have been buailt for
field use, but the necessity of many tests to compensate for wide scatter (standard
deviations of 30% are common) has limited their use.

8) Temperature. This is not usually considered to be an index property in
classification o materials. In snow, however, the value of many ,arameters is so
highly temperature-dependent, that the latter must be included. Its maximum value is
OC; reported positive values are erroneous.

9) Newtonian viscosity.
10) !liqutd water content.

11_) Elsic parameters._

12) Strvctural parameters.

13) T!hermal conductivity.

14) , Dielectric properties.
Items 9-14 are only mentioned here becaust, they have been too difficult to

measure with useful accuracy in the field.

Good reports of snow investigations in the field should include at least
determination of dcnsity, hardness, grain size, grain ihae (or descriptive terms
implying grain shape, such as "granular" or "depth hoar"' and temperature.

E. PERMEABILITY

The permeability of snow 2, 4 ,16 is an important property; its value covers a wide
range and Is very sensitive to chanstes in density, texture, or structure. It is meacured
as permeability to flow of air, and coefficient K of air permeability is defined as
follows:

of cm/sec

where 0 a volume rate of air flow (cmS/sec)
A - cross section of snow sample (cml) normal to direction of air flow.

L a length of sample in direction of air flow (cm)

AP =fi air pressure head (cm, in terms of height of water column)
v = air velocity cm/se-c (calculated ,nver cross section A)

I z air pressure gradient (cm water / cm length of samr.ple)

//7
7777"77
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Table I

BMW CONVZOII0N TABIZ

rtimrYTO AfhO I O IZ POfKOWTT IN P3RCIN"

Porosity - 1 - 1.09 downty

0 1 2 3 4 5 6 7 8 0

030 n6.7 Ks.6 6.9 6.4 HA ".3 6.2 .1 66.0 95.0 96.7
040 94.6 36.5 95.4 95.3 06.2 96.1 96.0 34.9 14.8 34.7
060 H4.6 94.4 34.3 4.2 94.1 94.0 93.9 93.6 93.7 33.6
060 91.3 66.2 93.2 33.1 33.0 92.9 92.3 32.7 92.6 92.6
00 92.4 92.3 92.1 92.0 91.0 31.8 91.7 61.6 31.5 61.4
060 31.3 91.2 61.1 90.9 90.5 90.7 60.6 90.5 60.4 90.3
090 0.2 30.1 30.0 6.9 63.? 89.6 89.5 09.4 89.3 19.2
100 69.1 86.0 66.9 886. 66.7 68.566s.4 6 .3 68.2 6.1
110 8U.0 87.9 3V.6 17.7 67.6 37.5 61.3 87.2 6.1 17.A
120 66.9 64J 866. 84.6 6.5 16.4 U6.3 66.1 64.0 U.9
10 s.8 U9.7 85.6 65.5 65.4 85.2 U6.2 65.1 54.9 34.8
140 34.7 34.6 34.6 84.4 $4.3 64.2 34.1 54.0 62.9 62.6
10 62.6 U3.5 U.4 62.3 82.2 63.1 83.0 62.3 62.6 3a.?
160 SS.6 12.4 82.3 1U.2 62.1 82.0 H1.9 61.8 31.7 01.6
170 61.1 81.4 31.2 81.1 81.0 30.9 10.6 30.7 60.6 60.5
10 60.4 30.3 30.2 30.0 79.9 79.6 19.7 79.6 19.6 79.4
190 793. 73.3 79.1 79.0 76.6 78.7 76.6 76.5 78.4 73.3

204 703 73.1 76.0 77.6 77.8 11.6 77.5 77 7711.3 77.2
210 77.1 77.0 76.9 7.8 76.7 76.6 76.4 76.3 76.2 76.1
220 76.0 75.9 75.8 75.7 75.6 75.6 75.4 75. 18.1 75.0
230 74.9 74.3 ?4.7 74.6 74.5 74.4 74.2 '4. 74.0 73.9
540 73.6 73.7 73.6 73.0 73.4 73.3 73.2 13.0 71.6
210 71.7 72.5 72.5 72.4 72.3 72.2 72.1 71.6 71.0
260 71.6 71.1 71.4 71.3 71.2 71.1 71.0 ..&. 70.8 70.7
370 70.6 70.4 70.3 "A.2 70.1 10.0 3.9 10.8 s9.7 64.6
260 69.6 60.4 06.2 ".1 f9.0 6.9 a.$ a.? 68.60 66.6
230 U.4 f6.3 5U.2 64.0 67.9 67.8 67.7 6.0 6 7.6 W.4
300 oI.) 67.2 67.1 of.0 01.6 05.7 "A.6 14.5 14.4 64.3
310 64.2 66.1 66.0 .9. 66.6 66.4 .6. 46.4 65.3 46.3
320 66.1 46.0 3.9 34.8 64.7 04.6 34.4 34.2 "4.2 34.1
320 340 62.3 63.6 6.7 62.6 63.5 62.4 43.2 62.1 62.0
340 62.9 I6. 62.7 ". 62.5 0.4 62.3 6.2 42.0 61.9
no0 61.6 41.7 61.6 $1.1 61.4 41.3 01.2 61.1 61.0 60.6
360 60.7 60.6 60.3 40.4 60.3 60.2 00.1 60.0 U3.9 19.8
270 59.7 09.5 5U.4 U9.2 69.2 59.1 69.0 56.9 5".8 14.7
360 U8.6 54.6 68.3 14.2 96.1 58.0 57.9 67.0 57.7 57.6
SI0 ff.5 87.4 57.2 87.1 17.0 U.9 6.$ 14.7 56.6 4.5
400 6414 14.3 NJ s4.1 U9.0 53.8 $6.7. $5.0 "4.11 1.4

410 55.3 3.2 U.1 U8.0 64.9 64.7 H4.6 64.5 64.4 54.3

4 z0 1A 14.1 64.0 :S.I U.: :3.7 i.5 9u.4 u$.2 53.2

420 5.3 51.0 2.9 52.8 62.? 52.6 53.6 532 U.2 U.1

449 52.5 61.9 91.8 11.7 31.6 51.2 51.4 51.2 51.1 51.0

460 $e 50. .0.7 0.6 60.3 $0.4 60.3 60.2 60.1 49.3

I
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31OW CONVZ WON TABLi

1 2 3 4 5 6 7 8 0

480 49A 49.A 49.0 48.5 49.4 40.3 49.2 40.1 46.0 41.0
470 48.? 48.6 48.5 4.4 4.3 42.2 48.1 46.0 47.0 47.8
480 47.1 47.5 47.4 47.3 47 2 47.1 47.0 40.0 40.6 40.7
400 44.6 4.5 46.3 44.2 44.1 46.0 45.9 45.8 45.7 46.6
So 4.8 45.4 45.3 45.1 45.0 44.0 44.8 '44.7 44.8 44.5
510 44.4 44. 44. 44.1 43.0 8 3.0 40.7 43.6 4.5 43.4
560 43.3 433 43.1 42.0 42.0 42.7 42.6 42.5 42.4 42.3
"530 42.2 42.1 42.0 41.0 41.8 41.7 41.5 41.4 41.3 41.2
"540 41.1 41.0 40.0 40.9 40.7 40.6 40.6 40.3 40.2 40.1
IS0 40.0 30.9 20.0 30.1 30.6 39.5 39.4 30.3 30.1 2.0
6so 30.0 31.9 38.7 38.. 38.5 38.4 36.3 NJi 3.1 37.9
670 37.8 27.7 37.6 37.5 37.4 37.3 37.2 27.1 VI .0 38.0
160 36.7 36.6 36.5 36.4 $61 36.1 36.1 31.0 31.5 35.8
5s0 31.7 35.6 35.4 35.4 35.2 35.1 36.0 34.9 34.8 34.7
400 34.6 34.5 34.4 34.2 34.1 $4.0 23.0 33. 5 33.7 33.6
610 33.5 33.4 23.3 33.2 33.0 32.0 22.5 33.7 32L. 3.5
620 32.4 32.3 32.2 32.1 32.0 31.8 31.7 $1.6 31.5 31.4
30 31.3 31.2 31.1 31.0 30.9 30.0 30.6 30.5 30.4 30.3
"640 30.2 30.1 30.0 39.0 29.8 20.7 30.6 21.5 30.4 20.3
660 30.1 30.0 :8.0 2.8 21.7 28.6 s.5 28.4 19.. 3.1
660 30.0 27.9 37.8 27.7 27.6 2;.6 27.4 27.3 37.3 27.1
370 27.0 30.8 30.7 28.6 26.5 26.4 20.3 1.2 26.1 20.0
n80 25.5 25.7 38.6 25.5 25.4 25.3 29.2 25.1 30.0 14.0
"660 24.3 24.7 34.6 24.4 34.3 34.2 24.1 34.0 29.5 23.8
700 23.7 23.4 23.5 23.3 22.2 33.1 .o 0 23.9 t 2..7
710 22.6 22.5 22.4 22.3 22.2 32.0 2 31.8 31.7 21.6
"20 21 5 21.4 21.3 21.3 21.0 20.0 30.7 20.6 20.1
730 2C 0 20.3 20.1 30.1 30.0 10.0 .,.4 19.7 19.5 V.4
740 10.3 10.2 10.1 19.0 18.9 13.8 10.7 10.6 18.5 18.3
750 12.2 18.1 16.0 1T.0 17.5 17.7 1ii.6 17.5 17.4 17.3
700 17.1 17.0 16.0 160 16.7 16.6 16.s 16.4 10.3 16.2
770 16.0 15.0 15.8 15.7 15.6 15.5 15.4 15.3 5l5 15.1
7n0 14.0 14.8 14.7 14.6 14.0 14.4 1.3 14.2 14.1 14.0
790 13.0 13.8 1.0 13.5 13.4 13.3 13.2 13.1 13.0 12.4
n 12. 1.7 126L 13.4 12.3 131 12.1 12.0 11.0 11.8
010 11.7 11.6 11.5 11.4 11.2 11.1 11.0 10.3 10.0 10.7
8so 10.0 10.5 10.4 10.3 10.2 10.0 9.9 6.6 0.11 0.6
" " 9.5 9.4 0.3 9.8 0.1 8.0 3.P 86.7 .6 8.5
340 6.4 8.3 8.2 .1 8.0 7.2 7.7 7.6 7.5 7.4
150 7.3 7.2 7.1 7.0 6.0 6.8 6.7 6.5 6.4 6.3

0N0 6.2 6.1 6.0 5.0 54. 5.7 5.0 . .5 6.3 5.2
370 5.1 6.0 4.0 4.3 4.7 4.6 4.5 4.4 4.3 4.1
$so 4.0 3.0 3.8 3.7 3.6 3.5 3.4 3.3 3.2 3.1

O 3.0 2.. .2.7 2.6 2.5 2.4 3.3 21 2.1 2.0
Soo 1.0 1.7 1.0 1.5 1.4 11 1.2 1.1 1.0 0.0
Ili) 0.2 0.7 0.5 0.4 0.3 0.2 0.1 0.0

I
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Permeability is mea."isred at some temperature below freezing and can be reduaced
to the standar"' temperature of OC by a small correction resulting from variation of air
viscosity with temperature. Air viscosity drops with temperature, so that the measured
permeability is higher. the lower the temperature. The correction is very close to 1%1
per 3C. No barometric correction is nec~essar-y.

For K to be constant, Q/ AP murit be constant, 2. e. measur~iment must be made
within ts.. laminar fljw aan,-o. Zxperiments show that the upp-!r limit is v = 5 cm/sec
for fine-grained snow and v z1 crn/eec for coarse-grained snow.

Very coarse-grained depth hoar with K V 1500 requires measurement under a pressure
gradient (i) not exceeding 0. 0005. AP for a sample 20 cm long is then 0. 1 mm o'f water
so that measurement to 0 01 mm is necessary for a 10% accuracy in. K; but for most
snows the accuracy then is close to 1%. A good snow permeameter miýeasures a to better
than 1%. and AP to 0. 01 mm of water pressure. It is convenient to use SIPRE standard
snow tubes with a cross section of 24. 6 cmz which is large enough to render edge effects
negligible if there is no gap between snow and cylinder wall.

!.S is the air permeability of snow at its natural porosity n 0 . It is an empirical fact,
not yet theoretically understood, that if a snow sample in. a t~ube is crushed (densifledt)
in increments with successive measurements of n and the corresponding K the following
relation holds:

K aN where a and N are constants.

The parameters a and N ars easily deter.ained graphically by plot-. o~ r.jn against K,
and drawing a line t~rough the points, which are usually surprisingly -,. 41 lined up. a is
then the intercept on the K/n axis, and N is the reciprocal of the slope.

Table 11. Permeability of a new snow upon compac iincrements.
N.. % i'v f rtum Wilmette. Illinois, sampled 16 hrs 'alling. Sam-

ple tube length 18.9 cm, cross section Zt . t, cma

Length of
"rnple (cm) 7j n ixl,t 21. K/n

*Natural condition 18. 9 0. 094 0. 897 4.475 261 291

I st compaction to 38.4 0.097 0. 894 4.595 254 284
2nd compaction to 17. 9 0.099 0. 892 5.815 201 ZZ2
3rd comp-ictli,) tii 17.4 0.102 0.889 6.175 189 2 .ý
4th compaction to 16.9 0. 105 0.885 6. 55 178 Zola
S th compaction to 15.9 0. 112 0.878 7.66 152 173
6th compaction to 14.9 0. 119 0.870 9.09 128 147
7th compaction to 13.9 0. 128 0.860 10. 72 109 127
81h comp..ction to 12.9 0. 138 0.849 142. 73 9Z 108

Table Itlis a typical example. Figure 11 is a graph of K versus K/n from Table U,.
from which a -8 jisid N -0. 922. Poj-its ci)rr.s~ponding to lower values of K (greater
densificatlon) must begin to fall be'ow the line since they niuut tend towardsithe graph

origin. The limits of linearity have not L. ,en investigated.
Laboratorf work4 has shown that the value of pnrameter a depends m~ainly on grain

size. Figure 12 is a lcg-iog plot of a versus graf- size (#) calculated f'rom &':reened
fractions as defined under tl~e previous heading "Texture."

The relation is approximately:

a 16. 8d "

VI
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and we can now write

16. 8dl"'6nN
N-n

or if K 0., no, and N have been determine-d, the mean grain size can be estimated:

d m L--gNno

The parameter N is interpreted as representing a virtual porosity, perhaps the porosity
of the loosest possible packing for a given snow texture. For most snows at any stage of
metamorphism, the value N/n 0 is close to 1.063, which means that there is a "normal"
density, i. e., a "normal" structure, corresponding to a given texture. Wind-packed
snow shows abnormally high values of N/n 0 (up to 1. 2); in a sense, its density is too
high; structure and texture are out of balance. Given enough time, metamorphism in

such snows re-establishes the normal ratio N/n 0 .

In sampling very soft new snow, a gap between the sample 4nd the tube ofter, develops,
preventing measurement of K_0 . This value can then be calculated by determining a and
N as described above, because the first compression closes the gap.

K, N-n 0

If only K 0 and no have been determined, the probable mean; grain size can be estimated
by using N/n 0 -r 1.063

d m ( . m.

Figure 13 shows the field of snow in the graph of permeabilit, /ersus porosity, assembled
from data from references 2 and 4. All snows fall within licated area. The grain-
size lines , '. ied -ir, the above equation for d and are no . than guidelines. The

¶ graph s'. )ws the great value of permeability as an index property.

F. CLASSIFICATION

Almost evcry u.orker in snow classifies different types in some marnner, yet no
proposed classification scheme has been generally adopted. The "International Classifi-
cation of Stow (With Special Reference to Snow on the Ground), " issued by the Commis.ion
on Snow and Ice of the International Association of Hydrology Is is very useful and slowly
gaining favor. But it is not sufficiently quantitative for advanced scientuic and engineer-
ing purposes. A great deal of new work on standardization of testing techniques, and on
correlation cf numerical values of different properties will have to be done before a
greatly improved classification can be proposed. Summarization of the content of the
"International Classification" would not be useful; the complete text is therefore offared
in an appendix, with the kind permission of the Commission on Snow and Ice of the Inter-
national Association of Hydrology and of the Associate Commission on Soil and Snow
Mechanics, National Research Council, Canada.

Classification of the forms of falling snow has been done in very great detail," based
on the great variety of habits (shapes) of the atmospheric Ice crystals.

7-- 4-7M
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FOREWORD

In recent years the need for a standard system of ctassi.
Lying solid prectpitation and fallen snow has become pros sing.
Mechanliamd transport over va.4 snow-rlddea areas. the usefulness
of accurate snow survey* in the mauntaim and upland region# of the
world. and the intensified scientific study of lying snow - all these
factors made it impelling to devise some rellable and simple
method of reporting and recording snow.

The seed of the International Snow Classiflcattoa, which had
long been germinating,. took firm root during the meetings of the
then International Commnission on Snow and Glaciers in Oslo in
lI4g. On that occasion three separate papers as snow data were
read and it became clear that a mastes system must be devised.
Accordingly, a committee was set up by the Commission consisting
of Dr. V. J. Schaefer. Mr. G. J. Klein. and Dr. U. R. do Quo rvain.
with instructions. to produce a system that would be generally tud
interna'tionally acceptable.

With Immense labour and application, and after copsulta-

tions with corporate bodies and p~rivate individuals., I ntivef

scheme was produced. This was placed before the Co- -ion
t~ kruis Is in 1951. After some final amendments. auth , wa"so

giver for its publicali"n. The Classification is now being con-
sideroed b~' the World Ueteorological Organzsation through its4
Technicai Commission on Aorology (C.As and it is hoped that
it will receive also the approval of this body. This publication
has boen greatly facilitated by the Nationsl Research Council of
Canada through the good effices of Mr.. R. Jr. Legget. Chairman of
its Associate Comimittee on Soil and Snow Mechanics.

On behalf of the Commission on Snow and Ice I gratefully
acknowledge the debt we all owe to the authors of this work.

Gerf'Jd Seligmanf
November 13, 1,42 President.
London. England Commission on Snow and Ice
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> .. INTRODUCTION

The classification presented herein MsI been developed by
',--•3•""the Committee on Snow Classification in t.•i hope that it may

become the generally accepted international system for classifyinH
snow.

The Committee. Ahich was formed at the Oslo Conference
of the International Union of Geodesy and Geophysics, regarded th.
questionof an international nomenclature for snow as being outsidc
its province. For this reason symbols were used to designate the
various classes and basic features of snow, making the classifi-
cation independent of language and therefore more convenient for
international use. Although the symbols may also be used for
teletype messages, it should be emphasized that the latter use was
not the primary reason for adopting the symbols.

The classification is similar to several more or It.ýs parallel
systems which have been developed in different countries and have
been in use during the past one or two decades. The best features
of these systems have been combined and modified form a co-
herent and reasonably simple classification. IV ¶ought and
/eaort ? kve been put into its general arrangement jetails. and
"many r-r.ups a.nd ir.d~viduals directly concerned with snow research
have bet-n consulted %ith a view to making the classification as
suitble and generally acceptable as possible. If the classification
is as wel'. received as it *as in its tentative draft form, there is
little doubt that it will be zdopted by many groups engaged in the
study of snow and i*s related problems.

An important feature of the classification is that it has
been set up as the basic framework which may be expanded or
contracted to suit the needs of any particular group ranging from
scientists to skiers. It has also been arranged so that many of
the observations may be made eitherwith the aid of simple instru-
m•nts or, alternatively, by visual methods. Since the two metihods
are basically parallel, measurements and vicual observations may
be combined in various ways to obtain the degree of precision
required in any particular class of work.

Section 1, on solid precipitation, is not Intended to replace
that part of the International Meteorological Code which deals with
snow, hail, etc.. and care was taken to avoid any conflict between

the two systems. Section I is oased on the form of the crystal ..r
particle and regards form and size of a particle as two separate
features.
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Section U, dealing with deposited snow, is based on the
fundamental features which determine the physical cIA-.acteristics
of a mass of snow and distinguish one type from dhother.

Sections I and 11 may be regarded as the fundamental part
of the classification.

Section lIi deals with measurements which are frequently
required in describing a sn.ow cover, while Sectieo IV provides a
means for des.ribing certain features of the suow surface which
may be significant in some problems.

Subsection I of Section IV, dealing with surface deposits
such as surface hoar, has been included because of its relation
to snow lying on the ground. The ice deposits which form on the
wings of aircraft are of a similar kind, and specialists in this
field are using a more detailed classification than the classifi-
cation for surface deposits presented here. It may be regarded
as an example of an expansion of a section of the present r'assifi-
cation.

An attempt has been made to describe clealy o-ch class
or feature of snow in the body of the classification. .lassifi-
ertinn fas Also been presented in anabstract formsIn . zuitable
for conven.en! reference in the field.

- A i;jmber of examples explaining the use of the symbols
are givern in the text, while die uxe of the graphic symbols i1
illustrated in Appendix U.

Those interested in the Ezglish termninologycommonly used
indescribing snow should refer to "Snow Structure sad Ski Fields"
by 0. Seligman. MacMillan and Co.., Limited. Loadm,. 1936. If a
nomenclature for snow were inciuded as an appendix tothis classi-
fication, it would closely follow tze nomenclature gi8eaby Seligman.

/1
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SECTION 1 1

SOLIV PRECIPITATION

The termn "solid precipitation" refers to the various kinds of solid water particle&
which develop in the atmosphere and fall earthward*. fair example, snow crystals. ice
pellets. When a sharp distinction is drawn between falllngr and deposited particles. the
term applies to zrcclpitalos while it remain~s sirborzrd; but in the classificatlon pro-
sonted here. "Solid precipitation"' is taken to also iaclued freshly deposited particles
which have not undergone any perceptible transformation subsequent to being deposited
upon the earth.

When different classes of solid precipitation occur together. the relative number
of each type may be given as the number of tenths. *r hundredths. e.g.. &rum+ ZFIOL.
designates 60 percent stellar crystals of 4 mmn. average diameter mixed with Z0 per cent
graupel of 1. 5 mm. average diamete r.

The International Meteorological Code may be used to indicate the intensity and
duration of the precipitation as well as other weather data when this information is
required.

The meothood of classifying solid precipitation is outlined .i sebsectiens I and Z.

1. Type of PsrtIe General symbol F

Graphic symbol for snow in general. i.e. FlI to F?

TABLE I

CLASSES OF SOLID PRECIPITATION

I Desripton ~Graphic
_ _ _ _ __onSybo Symbol

Plate '
A pLate tsea this, plate-like snow crystal the form of which
mrore or less resembles a hexagon or. in rare cases, a
triangle. Generally all edges or alternative edges of the

I~ plat* are similar in pattern and length.

4 Ste~Rllar Cry*tl8
A stellar crystal is a thin. (Jat snow crystal in the form of
a conventionalised star. It genemally has six arms, but
stellar crystals with three or twelve arms occur *cc&-
vionally. The arms may lie is a single plane or Io closely
spaced parallel plants in wh~ich case the arms are later-
connected by a very short clolumn.

Colurna 3
A columna to A relatively short prismatic crystal, either
solid or hollow. with plane, pyramidal, truncated or hallow
eads. Pyramids, which m-ay be regarded as a particular
case, and combinations of columns are included in this cias..

3i...
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(Table 1. continmed)

Description 3yinboi Graphic
-- I Symbol

* ~~Needle____
A needle is a very slender neiedlo-like snow particle of
approximately cylindrical form. This clacs includes hollow,
bundles of parallel needles. which are very common, and
combinations of needles arranged in any of a wide variety
of fashions.

Spatial Dendrite

A spatial dendrit, is a complex snow crystal with fera-.Uke S
arms which do not lie in a plane or in parallel planes but
extend in many directions from a central nucleus. Its
general form is roughly spherical.

A cppe coumnis a column with plates of hexagonal or
stellar form at Its ends and. in many case*. with additional
plates at intermediate positions. The plates are arranged
normal to the principal axis of the column. Occasionally

only one end of the column is capped In this sonner.

Irregular Crystal
An irregulai cryitl is m a snow particle m-ade up of a amam-

* ~bar of small crguotals grown together in a random fashion.
Generally the component crystals are so small that the
crystalline form of the particle con only be *,een with the
aid of a magnifying glass or microscope.

Group@l8
Orampel. which includes the soft hael, small hail, and snow
pellets of the meteorologist, is a snow crystal or particle
coated with a heavy deposit of rime, It may retain some
evidence -%f the outline of the original crystal although tie
most comnmon type has a form which is approximately
spherical.

Ice Pellet
Ice pellets are frequently called "sleet" in NorthAmerica.
An ice pallet is a transparent spheroidof ice and is usually
fairly small. Some ice pellets do not have a frostn centra
which indicates that. at least in some cases, fressaln takes
place from the surface inwards.



(Table 1. continued)

Description Symbol Grambo 1.ý
A hailstones to a grain of ice. generally having a laminar
structure mad charactarised by its smooth glased surface
sad its translucent or milky-white centre. Hl~l is usually

associated with those atmosphteric conditions which
ccompaay thunderstorms. Hailstones are sometimes

quite large.

$n tonglieh. hail, like rain, refer& to a number at one
time, while hailstone, like raindrop. refers to an

Modifying features of classes Frl to TO may be included by adding one or more of
the followring subscripts.

MAILE UI

MOM FING FEATURES

Feature symbol
___________________________luhecript

Sq?,hen crystals p

Rims -coated partitle. not sufficiently tested to be
classed as graupot

Clusters. such as compouadnd5w flakes, cotpoe~d
of Several lindividual snow irystals

Viet or partly melted particles

The else of a crystal or particle is Its greatest extension, measured is nilli.
motors. When meiiy partCicls are inVO'Ved. e.gS.. A copoun-d SneW flke, it refers Is

I*average sine of the Individual particles.

ExamPle r4fDZ. 5 or -- f VS.I designates a cluster or clusters eomp" oedsf
needles, the average msis of the needles being A.5 mun.

IW777I7 , - 77 "7



SECTION 11

DEPOSITED SNOW

A snow cover is generally composed of layers of different types of snow each of
which .a more or less hossogeneous within its own boundaries. Sectiam 1l deAls with the
classificauion of the type of shmuw in any one layer.

A mass of snow is very porous ,lnc it may or may not contal'a some water in the
liquid state which is usually referred to us "free water". In the general case, therefore.
snow may be regarded as a mixturi- r: - e. air. and water. the ice being in the form of
crystals or grains which are utivally intm'rknit or welded together is form a structure
%hich possesses some 4icgre* of sirengfh. Tla', physical characteristics of a Mass Of
snow. like those of many othier materials depend upon the relative proportionsi of its
constituents, its structure, and its temperature. Taking physical characteristics as the
r riterion, the prima ry features which classify a type of deposited sasew are those given
sr. Table 1ll.

TABLE Ill

PRIMARY FEATURES Or DEPOSITED SHOW

Feature Units Symbol

Specific gravity, or non-dimenslonal

Density glcm
3 . or kg/rn

3 . G

Free water content % by weight, or
see, Table IV

lmpit-ities % by weightJ

Grain shape act Table V r

Grain *!ze millimeters D

, Strength represented by:

S Compressive reld strength. 1/cm 2 . Kp
S Tensile strength g/cmz. K

Shear strength at zero g/cM2. KS

normnal stress, or

Hardness aceordiag to iastiument

Sao-w temperature degrees Centigrade T

The above features are discussed in some detail in the fotlowiag subsections.
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I.Seii ravit~ General symbol G

Specific gravity is the ratio of the weight of any volume of a substance to the weight
af an equal volume of water and is therefore non-dimensional. Density may be used as
an alternative. It should, however, be expressed either in grams per cubic centimeter or
In kilograms per cubic meter; the former having the sanse ,.umerical value as specific
gravity while the latter avoids the inconvenience at the decimal point. For example: a
specific gravity of 0. 23S is equivalent to a density of P~. 235 grams per cubic centimeter
or Z35 kilograms per cubic mefter. Using symbols. ths maybe given as G00. 235 or G023S
provided the dimensions used are clearly indicated or understood.

Z. Free Water Content Generial synabol W

There are several msothods of measuring the free water content of snow but, since
fairly elaborate apparatus is usually required In order to obtain reasonable accuracy.
these methods are generally used only in a laboratory. Measurements of free water
content are expressed as a percentage by weight.

In fteld tests, reliance usually has to be placedupon simple observations. Table IV
Is gives as th6 noass of observatious of this kind and although this method was primarily
intendfei for use in the field. it is also of considerable value in the laboratory.

TABLE IV

FREE WATER CONTENT

Torts Remarks Sym11bol Grapbic

Dry Usually T is below @*C. but dry snow can occur Sabo
i-mperalure up to and including O1C. When its
Lure is broken down by crushing and the loose gl..k.sa
art lightly pressed together 2o in making a snow ball.

lie grains have little tendency to cling to each other. b

T 0 C. Tewater is not visible even with the ada
L magnifying glass. When lightly crushed, the *snow

ha a distinct tendency to stick together.

Wet T s @'C. Thy water can be recognised by its oeniscon
between adjacent snow grains, but water cannot be
pressed out by moderately squcessing the snow in the
hands.

Very T a @*C. The water can be preased out by moderately 4
Wet squOsenlg &be Snow in the hands but there still to &an[ f

appreclable amount of air confined within the snow

_____ _____ ____ _____structure.___

Slosh T w @1C. Snow flocdled with water and containing a 4, UE
relatively small amount of air.

74
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3. Impurities General symbol J

This subsection has been included in the classification in order to cover those
cascs in whi ch the kind and amount of an impurity have an influence upon the physical
characteristics of the snow. In these cases the kind of impurity should be fully described
and its imount given as a percentage by weightl. Common impurities are: dust. sand.
organic i.. terial. salt, etc.

Graphic symbol

4. GrAin Shape General symbol F

In the classification. numeric&! symbols (Fl. FZ, etc.) have been used for solid
precip! 4aficia *Ll.l alphabetical symbols (Fa, Fb. etc.) have been used -1r deposited snow.
However. whenever a distinction between the various types of freshly deporited snow is
required. the classification given in Table I may be used and~when necessary. the relative
proportion& of the various types may be expressed as the number of tenths as explained
in Section 1.

TABLE V

GRAIN 811 PE

Desciptin Sybol Graphic
Desciptin Sybol Symbol

Class "a"a

Class "all refers to £irshly deposited snow composed ofF
crystals. or parts of broken crystals, of types rI to r7
(Table 11. S. * hi.h has lost its crystalline character
while falling to ear.a., and graupel. ice pellets, and hail do
not be lonp to this ar I&s s. Class "a"l snow is generally
very soft.

Class "b" b E Z

This class refers to. snow during its imitial stage of settling,..

It has not reached tie very fine grain-sine condition which
is generally regarded as the conclusion of the Initial stage
of transformation. Although it has lost a great deal of its
crystalline characttr, some crystalline features can be
observed. Claas "b" snow is usually fairly soft.

Class "c" 1i I
When snow Is transformed by melting. or maelting followed
by freesing. it completely loses all crystalline features
and its grains become irregular and more or loes rounded
Inform. This is Class "c" snow. It has so sparkle effect
even in bright sunlight and can be readily recognizaed by
Its dull appearance. It is usually fairly soft when we%, but
can be very hard when frozen. Class "c" snow may have

I any size of grains from very fine to very coarse.J

IRENE



(Table V. continued)

Desciptin Sybol Graphic
Symbol

Class "d" d

At temperatures well beiow freexing and withou, any
apparent melting, snow is transformed into Class "d" by
the process of sublimation which produces irregular grains
with flat facets. Theý!e facets give the snow a distinct
sparkle effect in bright 3unlight. In the Arctic. where
temperatures are low and persistentwinds accelerate the
suulimation, practically all of the settled snow is Class
"Id" and has almost as mach sparkle as a deposit of Fl
crystals. Class "d" sno.y is usually fairly hard.

Depth Hoar

Depth hoar is characterized by its hollow c€'p-shaped IAA
crystals. Thtse crystals are produced by a vyre low r-te
of sublimation duringa long uninterrupted cold period and
are mobt frequently found directly below a more or less
impermeable cruet in the lower part of the snow cover.
The strength of a layer of depth hoar is very low.

S. Grain Size General symbol D

rhe. qr..in size of a more or less homogeneous nasa of owls the average size of
its grans. taxing the size of an individual grain as its gr extension. A simple
r-. ii. .,, .? le fn'r ficld measurements is to place a fair sa of the grains on a plate
•h:h:tn has t.er. rule.d in i.iillimeters. The avetrage or typical size is then estimated by

iiv :paring 'M~e size of the grains with the spacing of the lines o:i the plate.

Ti': -Va•n size of deposited snow is expressed in millimeters or, alternatively,
by the usp. of :ie terms or symbols presented in Table VI.

TABLE VI

GRAIN SIZE or DEPOSITED SNOW

Term Symbol Grain Size Range

Very fine * less than 0. 5 mm.

Fi m S b O.si to 1. 0 gmm.

M'edium 4 1. 0 to 2.,0 Mm.

Caarse d 2.0 to 4.0 mm.

Very coarse a greater than 4. 0 mnm.

I
I
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6. Stren&th of Structure General symbol K

The yield strengths in compression. tension. and *bear of many materials are
genraly ite-related by simple ratios. such as A. :11 which apist utl

materials. In this case. the three yield strengths are known when any one of them io
given. Investigations. still in progress. indilcat, that a relation of this kind exists
between t'.e yield strength@ of snow. It is therefore proposed that ih. strength of
deposited snow be described by any one of the following:

(a) Compressive yield strength. i.e.. the stress under a
compressive load at which initial collapse of the snow
structure occurs. 3/cm2 .

(b) Tensile strength. 3/cm.

(c) Shear strength at zero no-mal stress. g/cm.

(d) Hardness, in which case the correlation between the
readings of the particular hardness instrument wad
(a). (b), or (c) above should be given.

Since the technique and instruments required for measuring (a) and (d) are con-
miderably less complex than those required for measuring (b)and (c). compressive yield
strength and hardness measurements ean be expected to be used more frequently than
meastiroments of tensile and shear strength.

TABLE VII

STRENGTH OF DEPOSITED SNOW

Term Range of Kp. 3/cm2  Symbol Graphic Sy7-ol

Very to% 0 - 0 a

LOW 10t - 100 b

Medium 10 - 1000 c

High 100C - 10.000 d

Very high Greater than 10.000 0 eW

Ice I-

7. Snow Tc=;-rature General synbol T

The temperature of snow should be given in degrees Centigrade. Sometimes it
is desirable to record other relatad temperatures. the suggested symbhols for the more
acoinon ones are included beow:-

Snow temperature T degrees Centigrade
Air temperature Ta
Temperature of snow surface To

Ground temperature TS
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SECTION III

SNOW COVER MEASUREMENTS

A cross-section of a snow cover may be described by classifying the snow in each
layer. as nutlined in Section U. and by giving the location of the boundaries of the layers
by means of ir.cas',rem.;uns. The location of a tsyer bouaw:ary is generally established by

i• f '/ its vertical co-ordirate measured from the surface of the ground but, in certain cases.
where only the upper part of the snow cover is of interest or where it is difficult to
use the ground as the reference, the snow surface may be taken as the raference.

The symbols H. HS ant: HN should be used for all vertical measurements regard-
less of whether they are taken at a place where the snow surface is horizontal or inclined.

/ Vertical measurements are preferred even when the snow lies on a slope. If. however.
the measurements are taken along a line perpendicular to an inclined snow surface, this
fact should be indicated by using the corresponding symbols M. MS and MN.

TABLE VIlI

SNOW COVER MEASUREMENTS

Term Dimension Symbol f
Vertical co-ordinate (measured from the ground) cry H

Total depth of snow cover cm HS

-Depth of daily new snowfall dn HN .

Measure .-wnts corresponding to those above but cm U. MS.
taken perpendicusarly to an incline.. snow a MUN
s urface

Inclination of snow surface agle in N
degree,

Water equivalent of the snow cover mm "W

Ratio of snow covered area to total area tenths C

Age of snow deposit indicate A
whether
hours. days.
or years

'19
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SECTION IV

SNOW SURFACE CONDITIONS

Surface deposits. such as surface hoar, and other features of the *now surface
may be described as indicated in the following subsections..

1. Surface Deposits General symbol V

These deposits are represented by the symbols VI, V2. aet.. to avoid confusion
with the symbols rl. rZM etc.. for solid precipitation.

/ TABLEC IX

/7 I ~~SURFACaC DEPOSITS Sm

Term and Description Symbol Gapi

Surface HoarI

Surface hoar is a deposit of plane. prismatic, or dendritic
crystals formed by sublimation of water vapour onto nay
fixed object the temperature of which is below @*C. Plane
crystals of surface hoar can be distinguished from plates

(Fl) by their lack of symmetry.

Soft Rime

Soft rime is as light, brittle feathery deposit intermediate
between surface hoar and hard rime (see definition below)
&and &W& ýs P-' to a combduatioa of the elements of both
hoar and rime.

Hard Mime

Hard time is a franca deposit of small. supercooled foS '
droplets on any solidobject. The droplets free". Imme-I ~diately upon contect 'with the object which gives rime Its

very RAm pebbly texture.
gsawo Freot or Ouse 4

( Oanwed front In a aselot. thin ice coaudng formed on anay
soliod ebject by raindrops which have run together before
freeniag. or by thawing followed by fresaing.

A. sufc Roughness Gleneral symbol S

This subsection does not refer to roughoes i due to the granular nature of snoov but
to the toughness of a snow, surface caused by the effects of wiad.rain.usequal evaporation
or unequal melting. The average depth of the irregularities, measured is cm.. may be

combined with the symbol. for exmnple: Sc IS or IS.

TE ii
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SURFACE ROUlGHNESS•

1 Term Symbol Graphic

T!bSymbol

Smooth a -

Wavy b

Concave furrows €

Convex furrows d

Random furrows e

"3. Penstrability of Surface Layers General symbol P"

Occaaloaayv, an approzimate indication Is requiredof the ability of aanowcover
to satisfactorily support a tertain load. The depth of penetration of some suitable object.
such as a ski or a man's foot. may be employed for sam pmrpoee. The following symbols
art suggested:

Depth of ski track (skier supported oe a"e ski) PS
Depth of footprint (man standing on one foot) PP

The depth of penetration should be measured in code rm or my be expressed

by symbols.

TAM" Xl

DEPTH OF PENETRATION

Term Depth Rane. cm. Symbol

SVery on" lose tun 0.5 a

snall 0. 0.to a

Medium 2 to 10 C

Deep 1O to 30 d

Very deep greater than 30 e

I
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28b ABSTRACT Of THE CLASSIFICATION FOR $NOW

I SOUD PRECIPITATION

TYPE OF PARTICLE !ML.

PLATE P

STELLAR CRYSTAL Fita

COLUMN

NEEDLE F4 0-o

SPATIAL DEN1DRITE 9

CAPPED COLUMN ps I

IRREGULAR CRYSTAL

GRAUPEL P

ICE PELLET P9

NAIL ~oA

MODIFYING 91RO9111 RIME COATED CLSTR WE
FAUE CRYSTALS CRYSTALS CUTR E

SYMIOL r IF f W

size OF PARTICLE D MEASURED IN MILLIMETERS.
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I EATURE 1 _____

SPECIFIC GRAVITY GI
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TOTAL DEPTH, CO. HS us 3NOWA COVEARED&A, a~~mLDAILY NEWN So. I I AG" Or DEPOSI. . A MR., DAYS, ETC.4
SNOW7ALL ____________________

IV SNOW SURFACE CONDITIONS ____

SURrACC &EOOS$? UFACE H"AR SOFT RIMI. it OE GLAZED fROST

SY LV I Va V V4

CRAIII1C SYMOOL H -

SU~ACEROGHNSS MOTH AV COWCAVE CONVEX RANDOM
SURACCROUHNES SOOT WAY URROWS Pu"RJ.JE FURROWS

SYMSOL so so so so
GRAPMIC SYMBIOL 00v....L.. ~ ~ %-v%01%

3LURFACE PCINETRASIUTY T ____I ANGE, sin. <@. @-2 8.1 I03 >

-- ---- - -----
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28d APPENDIX I

LIST OF SYMBOLS

Derived fromt

A Ape of a snow deposit Alter. Age

a very low. etc. Alwayo used after the general
' o.e1 symbol of a particular quality.

o c.such as specific gravity to

c medium Indicate Ihe degree of that\7 • quality.

d high, etc. a

e very high. etc.

D Size of a particle Diameter

F Shape or form of a particle Form.

with figure solid precipitation

with letter deposited snow

f Cluster of particles; see Table 11 Flake

G Specific gravity. density Gravity. sewicht

H Vertical co-ordinate Height. H.auteur, Hohe

HN Depth of daily new seowfall

HS Total depth of snow cover se* Table V11

Hk WWater eqv'ai-aen 4f sno)w cover

k An ice layer le

J Imp-irities Impurities. imptretis

K General symbol for strength of deposited snow xhb1ion

Kp Compressive yield strength 1
Ks Shear strength at saro normal siress see Table VU

Ka Tensile strength

M Measurements taken perpendicularly Machkglikeio
to an inclined snow surface;

IN see Table VIII
MS

N Inclination of a snow surface Ieiguag

P General symbol for penetrability of surface Penetrata. Pjn•trer

/
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LIST Or SYMBOLS. continued

Derived from:

PP Depth of footprint sescinI
PS Deptu of ski irock

p rrapnai of a snow crystal; see Table U Partager, Part

a Ratio oL *now-covered area to total area Quotient

3 Snow hardness, related to a particular lasthumeut Resistance. Rigiditi

r Rime-coated partic*. sea Table It R1ila

3 General symbol for snow surface Sarface,

Sa to 9e Snow surface roughmness see Table X

T SBMW temperature, Temperature

Ta Air temnperature

TS Ground temperature

To Temperature of the snow surface

V Surface deposits. such as surface hoar; see See*(*. V -I

% red water content of snow, Water. !aessr

w Partly melted particles, see Table It
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z8f APPENDIX U

A vertij.al section of a snow cover may be represented graphically asillustrated below. The appropriate symbols for a particular layer are combinedby superposition, while snow temperature is plotted as a curve. Grain size andspecific gravity nway be tabulated as shown In the example or represented by
graphs.
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0. MECHANICS

Notation

E 2 Young's Modulus

Sy Density of snow

Yi 2 Density of ice (0.9179 g/cm2)
* u Strain

F Activation energy

R Gas constant

t Time or Celsius (formerly centigrade) temperature
T = Kelvin temperature

IC Degree Celsius

e 2 Base of natural logarithms or void ratio

D = Snow grain diameter
r.2 Stress

7r 2 Shear stress or retardation time

Coefficient of dynamic viscosity

V 2 Poisson's ratio

SAil densities are given in g/cmr3 unle. " herwise stated.

Introduction

Snow mecnonic% is a relatively new subject of scientific-technical research, which
"began to receive attention as an offshoot of soil mechanics in the late thirties, in rela-
tion to avalanche defense construction problems. The heavy emphasis on analogy
between soil and snow mechanics has perhaps been not altogether fortunate. It was
initially very helpful, but snow mechanics may now in some respects h...e to go its own
way. It is presently only in a fair state of development, and a number of fundamental
aspects, primarily creep under combined stresses, collapse behavior, and flow dyna-nics,
are not yet well or at all formulated. The difficulties in development of snow mechanics,
as a science and for engineering purposes, stam mainly from the following factors:

a) the very high temperature dependence of many properties of snow.

b) the thermodynamic instability of snow.

c) the large densit and significant grain size ranges of snow. and the
very large dependence of mechanical property parameters on density
and grain size.

d) the freedom of movement of grains in the snow structure.

a) anisotropism and sample inhomogensity.

These factors will now be discussed.

II
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30 SNOW AS A MATERIAL

a) Temperature. The mechanics of wet snow (temperature very close to OC, and
varysng liqid water content) has not yet been investigated quantitatively. Perhaps onl7
two general statements can be made here: Ultimate strength decreases drastically when
a snow bocomes wet, and viscosity also decreases.

We are concerned here only with dry snow at temperatures lower than a small fraction
(not furtlier defined) of a degree below ther-eezing point of ice at the prevailing pressure.

Tempt:ature has a moder.,te efhc. on elastic moduli, which 'ncrease with decreasing
temperature. The following is reported on young snow. 3 7

Et =Et -a (t-to)

wheret is in C.

Modulus Density Temperature a
(/cm) range

El 0.16-0. 19 -1 to -7C 0.5
E& 0.16-0. 19 -1 to -7C 0.7
El 0.23-0.25 -1 to -18C 0.07
Es 0.23-0.25 -I to -18C 0.1

El and E& are Young's moduli obtained from creep tests under static load, and are ex-
plained later under creep mechanics. For Young's modulus E, determined from resonancefrequency of oscillation of bars, tMe following values are given-.' 9 . 87

Density T',mp rajge a

0.29 -1 to -8C 0.1
C. 33 -1 to -8C 0.1
0.54 -I to -8C 0.04
0.63 -2 to -9C 0.07
u. 76 -z to -9C 0. 0t

The paramet. r a decreases at lwer temperatures,3 ' probably exponentially, and8T
appears to be almoa independent of density (y) for y < 0.25 g/cms.

The effect of temperature on ultimate strength has been investigated for the case of
tensile strength,6 which increases with decreasing temperature. The derivative of
strength with respect to temperature decreases, since strength does not increase indef-
initely. The magnitude of this temperature effect will be given later.

The effect of temperature on creep rate (W) of snow under stress is most important,
and adequately given by eq 1, except very close to the melting point.

where T a degrees Kelvin (absolute temperature)

T@ 2 reference temperature, at which IT has been measured.

R n gas constant - 1. 987 cal/mol-degree

F n activation energy - 10, 000 to 24,000 cal/mol

IT strain rate (creep rate) at tempereture T,

I , ,
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The activation energy seems to be somewhat 9.
variable, within the range 10, 000 to 24. 000
cal/mol,6' " 2'7 with 14. 000 as a fair
mean for purposes of comparing creep data
obtained at different temperatures. The
higher values are limited to some new
sn-.ve.37

Figure 14 is a graph with To = 263. 3
(to = -10C) as reference temperature,

using the above equation for different
activation energies. The figure shows
the enormous effect of temperature on
the creep rate. Taking for instance a
value of F -ý 14,000, snow under a given
stress will creep twice as fast at -10C 0.1
than at -161C. and 200 times faster
at -2C than at -50C. The lines of
Figure 14 would very likely bend sharply
upwards as they approach the ordinate of
melting temperature.

It is easy to see that analysis of
creep even in a homogeneous snow mass
can become unmanageable when there 0.0

are temperature gradients.
b) Thermodynamic instability. The I

snow structure is thermodynamically in-
herently unstable, which leads to meta-
morphism by recrystallization, described
in detail previou~ly. For mechanical
behavl'r, tt. irmportant consequence is 0.00
increase in dtti atty and grain size with
time. 'Density will remain constant or
decree:je sligtlhy only %%hen ther'e is a

loss of mas s, sublin,,tiun ur %%hen ten-
sile stresses dozinate. The usud! con- '0.000
dition is densification under combined TE•APRAT[UAI
stresses. !he normal minimum stress 1'0 0 I0 -401
being that exerted by the weight of the
snow mass itself. Grain growth is Figure 14. Effectoftemperatureoncreep
favored by applied stress because rate of snow for differentvalues of acti-
thermodynamic instability is increased vation energy K (cal/mol). Density and
by distortion of snow structure and ic. creep stress constant.
crystal lattice, but it is inhibited by
reduction of porosity and permeability
upon densification.

C) Density and rain size. The creep rate is highly dependent on density (y).
Since, ino eases, snow densities as It is deformed, the rate of def,>rrnation de-
creases with time. Figure 15 shows a typical compression versus time curve.a and
Figure 16 shows curves relating viscosity to density.6 Such curves are well described
by exponential functions.2 22 The rate of creep k (derivative of deformation with
respect to time) is proportional to an exponential of the density.u. H# ST

2 *e-b(y-yo) .(2)

tr
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MIN

to ~~a so as;. 40.os o e 0 4

Figure 15. Creep compression cf snow as a func- Figure 16. Viscosity of new snow
tion of timie at constant koad and tempe.,ature. a a function of density (g/cms) at

is the initial density.) (From Bucher, ref6 different temperatures.

(Fro Buhr e.6

SN

Figure 17. Effect of density on creep rate Figure 18. Snow density as a func-
of snow, for different values of exponent h tion of depth on a polar glacier.

(St .Greenland 77*N 56*W).
T em perature and creep stress c ons ta nt. ( r m B d rI~ a e )
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•.' grain size for different densities and terno €:4A
•,peratures. (Froin Bucher, ref. 6). 4 P i i s
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snow as F Vunction oy deat oity.-n

The parameter b v..ries from perhaps as little as 5 to as much as 40 for different snow

type - time sequences. The conditions determining the value ef b have not been investi-
gated, since the concept is relatively now. It depends on snow type sequence, and
perhaps also on the absolute value of the creep rate and temperature. Values of b 2Z1
are very frequently found. Figure 17 is a pl,•t of the equation for different values of b.
As an example, for b 2 25, the creep velocity would decrease by three orders of magni-
tude during densttication by a factor of Z. from '. 25 to 0. 3 g/cm3 . At y - 0.4 a 10%
increase In density would drop the creep rate to one-tmird.

"This strong function indicates that, when a snow cover consisting of layers of dif;,erent
densities is slowly compressed, for instance by a footing, the lighter layers will densify
much faster than the heavier ones, resulting in a homoger.ization of the mass with respect

211, to density. This phenomenon is well illustrated by density profiles of deep snow on high
glaciers F The greater the depth (increasing load-and time), the smaller the deviations
of density from the mean depth-density curve. Figure 18 shows this condition for Green-
land snow at 77N 56W. The parallelism of the maximum and minimum curves below ZS m
is attributable to grain size differences. The lower density layers are coarser-grained
than the higher density ones, and the salient fact is that, for a given density and stress
coarse-grained snow creeps slower than fine-grained snow. This is well illustrated by
Figure 19. (The creep velocity & is inversely proportional to the viscosity 11.) This is
the only data available, meager for a formulation of the relation between creep velocity
and grain size (D). The relation

(3)

77NN N *;
N N . ~ ~ . N g
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does not fit too badly: the effect would be linear in terms of grain volume.

d) Freedom of movement of grains. In low-density snow there are large pore
spaces into which grains can move more or less freely. Thus, for instance, a grain
squeezed between one above and one below can often move cut sideways without exerting
lateral pressure on a neighboring grain. In consequence, such snow can be vertically
compr•ssed with only a very small resultant lateral pressure if lateral dilatation is
suppressed.

This phenomenon is most important, for it invalidates, at least for mechanics of low-
density snow, the classical theoretical approach, wherein, for plastic deformation, the
principal stresses are related to strair. rates by analogy to elastic 1heory. Here the "m"
number. variously designated as 'cross-section number" or "transverse coefficient" is
the viscous or plastic analog I the inverse of Poisr:;-'s ratio. The relation of r-; to
density has been determined experimentally by uniaxial compression of snow cylinders,35

and is shown in Figure Z0. If z is the length of a snow cylinder, and x is its width, and
the cylinder is uniaxially compressed in z, then

I da
"Z C x4Z

m d-= -i for small A. (4)
1x dtX

From this basis an additive theory of snow deformation under combined stresses was
developed,•5, 6, Is but has been shown to be inadequate.26 Experiments on the relation
between principal stresses in coniined-side compression reveal that the resulting latera.

stress is many times smaller than the one predicted by the additive theory.

This means that we are presently without a useful theory of creep of snow under com-
bined stresses. The freedom of movement of grains could perhaps be formulated in
te.-ms of a factor which is a function of density and possibly grain size, but not of tem-
perature. The factor %%ould be large for light snow, and decreace , a minimum value of
unity as density increases. Instead of m, we would use a parp "

with the bouadcry conditions y 0. f(O) =

'I Yi - f(A)
_m itself will have to be expressed in terms of y. Its minimnum value must be 2- at y,.

In particular, and as a good first approximation, low density snow reacts tu triaxial

stress in the same manner as to three corresponding independent unlaxial stresses, i.e.,
the initial strain rats is in reaction to a stress w. will be almost independent of the
strain rates ix and ky produced by applied stresses ex and ty.

A great amount of accurate experimental work will nave to be done to clarity triaxiaA
creep mechanics.

e) nstr mand sample Inhomoenety. Anisotropism of a vectorial property
exists w.,en its value changes with the direction in which it is measured. There are two
mmti.4, *,e of snow anisotropism.

I) The individual component ice crystal is anisotropic. Young's modulus varies
as much as 15% with direction. Since the basal plans normal to the main crystallographic
axis is the only shear creep plane, the effective shear stress varies with angle between
applied shear stress and basal plane. Hence snow can be anisotrophic with respect to
Young's modulus and viscosity when the orientation of the main crystallographic axis of
tse individual crystals is not random. When recrystallization of a low-density snoy takes
place under strong temperature gradients, there is a tendency for preferred main-axis
orientation parallel to the gradient, I. e., normal to the surface. Long-time pressure

12 •I I I . A
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metamorphism - for instance natural densification in deep snow on polar glaciers -
also produces preferred orientation, with main axis parallel to the vertical cortpres-/ eive stri.so. 13

2) Snow deposited during a snowfall is a very finely layered mass. During
deposition, density, structure, and texture fluctuate with fluctuating wind velocity,
changing rate of snowfall, changing shape of snow flakes, changing absolute and rela-
tive humidity, and changing temperature. Sublimation .tnorphisn and densificatic.:
due to gravitation havL an initially homogenizing :nflnce, but layering long remains a
source of significant anisotropism.

It would be surprising ifpressure metamorphism did not produce a .ructural

an 4sotropism. In creep densification under lateral confinement, for instance in a layer
under the load of the overlying snow, the principal stresses are unequal (wz>ox = 0.y).

"The spacial network of grains developed under this condition is unlikely to be isotropic.

No further reference tc anisotropism will be made in the following discussion
of snow mechanics because no useful quantitative data have been found in the literature.
There can be little doubt, however, that it will loom large in the further development
of this science.

It has been found to be almost impossible to obtain or prepare identical snow
specimens for laboratory investigation. Quantitative differences in behavior of appar-
ently similar samples, all taken from a natural snow layer, or of specimens of care-
fully prepared reconstituted snow are very disturbingly large. 26

f) Snow type in creep mechanics. The concept of snow type as defined by giving
* values of density, grain size, permeability, viscosity. etc. breaks down in creep

aisechanics unless times and deformations are very small, becaise all these parameters
change.

One begins with a given snow type, but ends up with another after the snow has
gone through a process of continuous change, at best only maps remaining constant. In
snow, as in ice, defnrmation-time curves (at constant str - "lways show an initial
transient section with rapidly decreasing creep rate. In i. curve often straightens
out to pet:vtt !, ;ermination of a steady creep rate, but ral jo in snow, where struc-
tural c:,angez. particularly grain growth and incre2sing density constantly lower the creep
rate. it btcuun.es necessary to introduce the concept of a continuous time sequence of
events occurr;n_ In a mass with constantly changing properties, wich has not yet been
"".done systematically.

Types of Mechanical Behavior

We can conveniently distinguish between four distinct classes of snow mechanics:

I) Colh se mechanics. Ultimate strength In tension, compression, and shear
is given by the atresses causing structural collapse. Here 'the characteristic feature is
sudden loss of cohesion, breaking of the bonds betweea grains, with or without the
dcvelop•ment ^#f r,,ks. In tension and pure shear, the snow mass often breaks in ,,ne
plane; in compression it sometimes crumbles, but, when unconfined, often shows .he
conical failure indicaiing shear surfaces. Disaggregation is an important absorber ofenergy in snow removal.
en�2) Flow mechanics. The characteristic phenomenon is continuing rapid defor-

mation after structural collapse. The rigid units are individual grains, or groups of
grains forming lumps of different size, which in dry snow often break up further during
flow, but in wet snow can re-aggregate to larger coherent masses. In flow, energy is
absorbed by dynamic friction between rigid units, by their acceleration, and by further

, fracture to smaller units. Flow mechanics is involved in rapid sliding along shear
planes within a snow mass, produced for instance by failure of abutments; in avalanches
of all types; in snow plowing; in crushing of snow under excessive load, by men on foot
or skis and by oversnow vehicles; by penetrating hardness-measuring Instruments; by
ramming of foundation piles; also often in sliding contact between snow and other objects,
such as skis, snow shovels, plow blades, and avalanche slope terrain.

/P9
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36 SNOW AS A MATERIAL

Snow is a highly efficient absorber of shock energy, which Is largely spent locally in
disaggregation and densification by fast flow.

A special type of flow is or countered in loose snow avalanches and rotary snow
plowing, where the snow particles are more or less suspended in a fast flowing air
stream, which because of low internal friction behaves to some extent like a heavy gas.

3) Creep mechanics. This is deformation under stresses smaller than those
leading lo structural iolapse. The characteristic feature is tiat there is no rapid change
of cohesion.

4) Elasticity mechanics. Here the elastic properties of the mass d6mlnate.
We are interested in response to rapid stress changes, primarily wave propagation
following explosions for construction and demolition or for seismic sounding.

We will now discuss snow mechanics in more detail, where possible.

1) Collapse Mechanics

The value of strength, expressed in terms of stress (per unit area) measured just
before more or !ass sudden failure of test specimens, must be applied with caution to
problems of failure of objects of different size and shape under different stress condi-
tions. In the following discussion of strength, the main interest is in relative value,
in the functions rather than in specific values of parameters.

a) Tensile atrength. The effect of ternmerature on tensile strength is not well
formulated.-Practically the only data ^vailable are given in Figures 21 and 22, which
show a strong effect for fine-grain3d snow, and a weak one for coarse-grained snow.
Between -10C and -30C, a strength gradient of some -4 % per IC does not fit badly to line-
grained snow. it becomes larger at high temperature and smaller at 'ow temperature.
The figures show the strong effect of density, but this Is better illustrated by determin-
atinnI made at Site 2. Greenland (77N 56W) in a deep snow-cover sequence. In-situ
snow temperature is -24. SC, and the densest snow is from 30 m depth and 40 years old.
Tests by three methods, described in reference 8. were made Pt )se to -I1C and
corrected to -10(; by -Zilre per IC. Figure 23 summarizes the Is. The following
-quation.8 -&''i.se t trength to density at -10C, will also be us . shear and crushing
strength:

ar= aV . b (Ay) (5)

4 % o-"T z tensile strength at -DOC (by ring test SI), in psi (multiply ,rby 70. 3 to

"2 obtain g/cmr)

a - 503

b s 2.88
ve i 0.37 g/cm9

y > 0.4 g/cm'.

It would be surprising If !he parameter given for the teneisl strength equation for the
high-density fine-grained Site 2 snow were applicable to snow from other areas, but
the vari~tion may not be very large. A tensile strength versus ciazsity diagram for lower
density snows (Fig. 24) shows a very large scatter.

b) Shear strength. Shear strength of snow Is very similar to tensile strength.
and, although the numberis given below indicate a lower shear strength, we must never-
theless assume that tensile strength is lower than shear strength, because cylinders in
torsion fail with helical fracture surfaces characteristic of tension failure.° The dis-
e.repancv can be attributed to test techniques, as described in references 2, 7, 8, 31

I
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0 &J4.C

Figure 21. Tensile strength of snow as a ffunction of

: temperature. (From Bucher, ref. 6).
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Figure 22. Effect of temperature on tensile strength of

snow of difterent grain sizes. (From Bucher, re 6).
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Figure 23. Tensile s*trength of snow Figure 24. Tensile strength versus
versus density. Site 2, Greenland. density for low densicy snows.

(From Butkovich, ref. 8). Measurement by centrifugal method.
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a- so Figure 26. Torsional shear
1.Ms les"W.-1 strength of snow versus den-sity. Site i, Greenland.Figure 23. Shear strength of snow (From Butkovilch reg. 8)

versus density. Site 2, Greenland.

Measured by shearing,- out the cen-
tral section oft a cylinder (doubleshear). (From Butkovich, ref. 8).
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Figure 25, again of tcsts made at Site Z, Greenland, shows the relation of shear strength
to density. Equation 5 now applies as follows:

" v a = shear strength at zero normal pressure in psi at -10C

a 333
b •7.04

V= 0. 37 glcm'

> 0. 4 g/cms.

A graph of values of shear strength plotted against density for low-density snow would be
very similar to Figure 24. Torsional shear strength of high-density snow was also
determined at Site 2. with results shown in Figure 26. The parameters of eq 5 are:

torsional modulus of rupture, in psi . -10C

a = 230

b = 5.73

-o = 0. 37 g/cms

y• 0. 5 g/cm'.

Since the cylinders break on 45-degree helical surfaces, the failure Is in tension. Here
tensile stress, compressive stress, and shear stress are all equal. The larger differ-
ence in values of tensile strength calculated from torsional and ring tests may be due to

the difference in general stress distribution.

Using soil mechanics terminology, shear strength at zero normal pressure is often
called cohesion.

Shear strength increases when pressure (less than the c - Ing strength) is applied
norms? to th.- plIne of failure. Figure 27 shows the effect te 2 snow, the curves
corresponding r the following parameters of eq 5:

Normal pressure a b
0 330 7.04 0.37

30 psi 558 5.44 0.37
60 psi 643 6.13 0.37

Figure 28, giving shear strength versus normal pressure at c€nstant deoity is important
in showing that Coulomb's equation (linear Mohr envelope) is not applicable to cohesive
snow. But if the grain bonds are broken by structural collapse, and tests are made be-
fore strong new bonds form, we have a material behaving somewhat like sand and the
Mohr envelope straightens out.2 Figure 29a is for coarse-grained disaggregated s %ow,
where new grain bonds develop slowly; Figure 29b is for fine-grained snow. where they
develop quickly. Coulomb's law is used in snow engineering, for instance in avalanche
mechanics, and in relation to performance o: overanow vehicles, but is of highly doubt-
ft value to theoretical development. Coulomb's law states that the shear strength is
equal 'to the cohesion plus the product of normal pressure and the tangent of the angle of
internal friction.

C) CrushinS strength (unconfined uniaxial compressive strength). Testing is
usually done on cylindrical specimens with length-to-width ratio larger then Z. Loading
rate should be high to minimisd densification before failure. Figure 30 summarizes the
Site a tests. Equation S simplifies to

€ a 1418 (y - 0. 39), y> 0. 4

where a crushing strength at -10C in psi.

i2
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* I..140

Figure Z8. Shear strength versus
normsl prosoure for a *now of den-
lty y z 0. 45. Ewac point Is mean
of 10 tests. (From Butkovich.

rec 6).

Figure 27. Effect of normal pres-
sure on shear strength of snow.

(From Butkovich. ref. 8).
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Figure 29. Shear strength and apparent tutoedsa friction
(tan ps of two snow types. (From Bader at aL., ref. Z)
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Conical failure Is often noticed in high-density snow, while low-density snow, which is
very weak in compression and less homogeneous, fails along irregular surfaces with
local crumbling, Comparison of Figures Z3 and 30 shows that tensile strength is close
to one-half of the crushing strength, which is not surprising because in uniaxial com-
piession the maximum shear stress is approximately half of the compressive stress,
and shear and tensile strengths are similar.

Both in nature (snow in an avalanched deposit) and in technology (compacted snow as
a constructiron material) we encounter the phenomenon of age hardening of reconstituted
snow. The term reconstituted snow is here used to designate a material produced either

y- c-olapse of a cohesive snow structure by rapid deformation, or by redeposition of
disaggregated snow. Immediately after its formation, reconstituted snow has very low
strength, but it gains strength with time, ultimately attaining approximately that of
slowly compressed snow of equal density.

Crushing strength of reconstituted snow as a function of time approaches a maximum
value exponentiallyil

"t n "(fm"'i t (6a)

r 2 crushing strength at time t

em x maximum attainable crushing strength

we a crushing stregigth at t 2 0

k a rate coefficient.

The longer It takes for V to reach a given fraction of a.in the smaller the value of
It, which Immediately suggelts that the rate coefficient is temperature dependent accord-
nI to eq 1. The lower the temperature, the smaller the rate of strength increase. The

rate of age hardening is accelerated by temperature gradir-" -nd pressure, by any
process which stimulates Internal vapor transfer. In eng! ig practice (compacted
snow roaus, it, ich roofing) it usually takes several days I t to reach efm at tem-
peratures arw,,nd -10C.

d) C-.mpressivo , trength. For low-density snow, the compressive strenqh
under lateral confinement (for instance axial stress on a snow cylinder filling a rigid
tube) is little greý.ter tha the cor-esponding unconfin: crushing strength, but the dif-
fevence increases with density according to a function which has not been determined.
It is unlikely that any existing theory relating failur, P% compression to the value of the
principal will be useful for low-density snow. The collapse of a snow structure by
failure of individual bonds locally and in rapid sequence, with development of high stress
concentrations, destructivi shock waves etc., strongly suggests that it will be very
difficult to depart from use of purely em:,irical relations, and a great amunt of experi-
mental work will have to be done before such can be formulated.

If a low-density snow is fairly rapidly compressed in a cylinder by a piston in uni-
form motion, it reacts by collapse in several steps, uk-i! the density reaches about
0. 5 g/cms. At each collapse stage, there is a sudden lose of piston pressure, followed
by a continuous increase. After reaching a density around 0. 5, the snow grains are in
close packing; the stress then increases very rapidly, as further densllication requires
deformation of an increasing number of grains. Here we rhange from a discontinuous
process of cpllapse by breaking of grain bonds to a continuous one of frictional flow.

f an object, such as a plate, is pressed into a large snow mass at a uniform rate, the
processes of densification by collapse and flow are both active. The stress in the snow
decreases with distance from the plate because it is distributed over increasing areas of
the pressure bulb. Collapse takes place in successive thin layer Increments as the
stress reaches the compressive strength In each, while collapsed layers begin to densify
by frictional flow at high pressures. Stspwise collapse is well illustrated by Figure 31,
a stress penetration curve for a plate moving at 2 cm/mmn.37 The shaded area of

'1 W rV,7I0
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Figure 31. Strss versus plate
penetration I slnoW. Repeated
structural c.Uapse in small in-

¶ r '-a crements. (From Landausr and
-Roys, ref. V7).

Figure 30. Crushing strength of
snow versus density. Site 2,

Greenland. (From Butkovich.
rof. 8).

of
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Figure 32. Resistance to compressive collapse (Under frictionless
lateral confinement) of new snow. Shaded area is rmgag of densities
corresponding to given pressure. Initial snow density 0. 06<y<O. 16.

(From Bocher and Roch. ref. 7).
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7 :Figure 32 indicates the Lange of densities to which new snows are compressed by
Z :collapse under lateral confinement and negligible lateral friction.? The behavior

at -ZC of five samples of original density lying between 0.06 and 0. 16 g/cms falls
within the shaded area. Careful work with pressure pletes should make it possible to
define the Umits of the pressure bulb (within which the snow is disturbed). The slow
increase of strceas with penetration indicates that the diameter of the pressure bulb
"inm.,eases only slowly -with Jli~tanco from the plate. Figu-es 33 and 34 show the develop"
mont of essentially conical pressure bulbs in low-density snowSI reflecting the weak-
noess of shear resiqtance. In contrast to this, wet snow (Fig. 35) appears to have a high
ratio of shear to compressive stren~gth, and & very low viscosity.

o) a. don. This is the minimum work that has to be done to
break up a unit m ass of snow into its individual grains. It applies only to
low-density snow (y< 0. 55). which can be disaggregated without significant grain break-
age. Measurements are made bf slowly moving a snow cylinder against a slowly revolv-
ing spiked wheel and measuring the torque and the rpm.' Figure 36 gives the work of
disaggregation for Site 2 snow. Eq 5 can again be used.

P' v a work of disaggregation in lb/ins

a a 1.20
b a 65. 12

y a 0. 37

y0. 5S.

Hard high-density snow cannot be disaggregated without significant grain breakage.
The concept of minimum work of disaggregation then becomes meaningless.

Technical note: It is well known that large rotary snowple .vith disaggregators to
break .ip the snow, can process very much less hard snos soft snow; yet the work
of disaggregati n is almost negligibly small, requiring, at . .Aing to the above equation,
only 2. 3 hp icr I ydl/sec of 0. 5 density snow.

f) ligh sgpfd collapse mech~anics is technically important in snow removal.
compaction of snow by moving vehicles, avalanche effects, and explosions in snow. At
high speed (mete;s per second), compressibility and flow of interstitial air, snow-mass
inertia, and fast frictional flow become important. This branch of snow mechanics is
askiost completely undeveloped.

A single significant published paper was found.5 5  An instrumont.u, heavy guided
cylinder was dropped into snow. The pertinent observations are that the resistance to
penetration at velocities of meters per second oscillates (frequency of the order of
milli-seconds), and that the pressure bulb shows alternating high- and low-density
layers, as illustrated in Figure 37, indicative of a shock wave (with interference p te-
nomena) travelling faster than the penetrating object. It is obvious that analysis must
await more experimental work.

2) Flow mechanics

There are insufficient quantitative data available to permit a fruitful exposition of
flow mechanics. The oely subject on which we have an appreciable volume of publica-
tions is marginal to flow mechanics, because in most cases a surface layer only a few
grains thick is involved. This is friction of skis on snow, and here the scatter of data
and diversity in procecure are so large that one cannot formulate a good theory of fric-tioe between solids and snow. Only a few general conclusions are worth oununarlaing.

a) The coefficient of kinetic friction (ratio of tangential to normal force) of
relatively smooth solid surfaces on snow varies mainly between 0. 01 and 0. 1 but can be

1 -7 11 - - -ý,,, , - r

7 7
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Figure 33. Collapse comprehsion of now @now y4 0. 07 at -Z. C.
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@now. y, 0 . 32 at -3C .
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7 i~

Figure 35. Collapse compression of wet snow.
Meaning of numbers as in Figure 33.
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larger. Increasing the degree of solid surface
smoothness of non-metallic substances, such as
,iuud, plastics, glass, reduces friction, but not
necessarily so for metals. 0.

b) Hydrophobic coatings reduce friction
on %et snow, but to a much smaller degree on dry
anoA.

c) Friction on coarse-grained snow is d
lower than on fine-grained snow.

d) The coefficient decreases with in- 10.4

creasing normal load.

*) The coefficient increases with de-
creasing temperature.

f) The coefficient increases with
velocity, but probably less than linearly. o.2b

There is little doubt that the low coefficient of
sliding friction results from lubricatior. by melt j
water produced by frictional heating, and not by
pressure melting.

Figures 38 and 39 summarize the only data
available for dynamic friction ot snow on snow. 7

The snow was wet and hard, with a density of from 0 ono OA 0.00 @0
0. 5 to 0. 6. The salient feature is an increase of 5,.900 %lAAA1
friction with velocity at constant normal pressure, Figure 36. Minimum work
and an increase with normal pressure at constant of disaggregation per unit
velocity, voli,'-e of snow versus den-

Site Z, Greenland.
.a Butkovich, rot 8)

q I

Figure 37. High speed collapse compression of snow. I-eft: Spray figure show-
ing dark high density layers in pressure bulb. Right: Shade figure of same pres-

sure bulb. (From Yosida, et atl, ref. 38)

7
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5pmeomin. a.2 ill1

Figure 38. Dynamic friction. of snow on Figure 39. Dynamic friction of snow on
snow versus normal pressure on coltlc snow versus velocity of relative motion

area. Hard, wet snow, of contact areas. Hard, wet snow.
(From Bucher and Rocb, ref. 7) (From Bucher and Roch, ref. 7).

The important natural processes and technologies involving flow for larger masses
of snow presently have no theoretical basis worth mentioning.

3) Creep mechanics

In classical mechanics of solids, especially of construction materials, a detectable
rate of creep is often considered tk be a failure. Not su In snow, where relatively very
high creep rates are often tolerable in engineering practice. It becomes reasonable to

identify failure with collapse rather than with creep.
By creep. as a'ready stated, we will underiotand deformation under stressea smaller

than those causing structural collapse. Creep mechanics deals with the relations between
stress, strain, and time.

Rheologiclly snow is a non-Newtonian, visco-elactic sub .1. It is viscous
eocause it- ~ill joti -a permanent time-controlled deformation very small stresses;

elastic because therc is a time -independent deforMAtionAl complni.n recoverable upon

stress release. and -ion-Newtonian because the strain rate is not a linear function of
stress. Strain rate (r) increaseq faster than stress (@,), with the important character-
istic that it remia practically constant for stress values up to about 600 g/cmi (81 psi).
Since this is also close to the mazimuui. shear strength of low-density snows, these can
be considered Newtonian with respect to viscosity. The scatter of experimental creep
data obtained from highly stressed high-density snow is- such that the choice of one power

series in preference to another cannot be made with great confidence. At tl'o present
time, a hyperbolic sine function is gaining favor, because it fits the data rather well,
and Is supported by theoretical considerationsl 10 based on activation kinetico. The
hyperbolic sine is also easier to handle analytically than finite power series.

We can therefore writq:*16 cc q* sinh L,(7)

fTo obtain some insight into the nature of the function, we write it as a series

andseetha ei~nhE I. +1~ +!j, +
and s* hatthe first term e. dominate (i. s.. the viscosity is almost Newtonian) when

s/ir* is small.

the series can also be written as

'. - - - - -J-l-

4' M l

44P,,ý
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iinh E- (.;71.e' _e )

where we see that the influence of the second term is small when /a.0 is large; the
function then becomes exponential. Since (ro. must be a real number, ro has the dimen-
sion of a stress. A value of about 700 g/cm2 6l0 psi) has been derived from experiments. 11

In Figure 40 we have plotted the follow-
ing functions:

YHr

y = 700 sinh1-0

y = 350 exp +0.

If we are willing to accept a 10% error
limit, which is quite reasonable, we can
in principle handle any problem where
stresses do not exceed 600 g/cm2 on the
basis of direct proportionality between
stress and strain rate, and when stresses
are always above 800 g/cm5 we can
assume proportionality of strain-rate to
an exponential function of the stress, /7_
which simplifies expression and calcula- t
tion. For stresses larger than
1000 g/cmz the error drops less than 1%. LiIT

Let us now consider the creep prop-
erties of a given snow. In order to
minimize the effect of density change,
total stra..n .-;# 'i'tIept very small.lo
Here a de'icate p.ece of work 7 allows .
an analysis of fundamental creep behavior.
A cylinder of reJa"vely new snow of
density 0. 19 v. ts s5.•lected at -9C to a •*
uniaxial surcharge ftuass of 106 dyns/s!cm0/ ~(10 glcm2) for 7 minutes, and then the b

/ surcharge was removed. UNITs

"Figure 41 shows the result after
subtracting the effect of the weight of the 0 it 0 InalOG I=0
"snow cylinder by a satisfactory method. cr. /m
When applied stresses are so smal!
that the proper weight of the snow sample Figure 40. Graph of stress effect functinne.

cannot be neglected, it can be assumed y a
that there exists a vertical force equal
to, of the proper weight.-s The be- w e* sinh Ls for T* z 700
havior is interpretable by a rheological
model consisting of single Maxwell and w exp E- for i0 z 700
Voigt units In series, as shown in
Figure 4Z.

I) Instantaneous elastic strain (0 to A In Fig. 41) corresponds to compression
of the Maxwell spring.

Z) Decreasing strain rate (A to B) "transient creep" corresponds to the sum
of constant viccous flow in the Maxwell dashpot and decreasing viacous flow in the Volgt
dashpot as the Voigt spring Is compressed.

3) Consta.it strain rate (B to C) "steady state creep" corresponds to viscous
flow In the Maxwell daihpot alone, after the Volgt spring has picked up practically the
full load.

I\
I\ ••••••••••••••••••••••••••••••••••••••••

7. 7,7
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___________________________________________________________ ________________:$Palms_______

S.WO

Timl 0INUTES)____________

Figure 41. Strain, parallel to uniaxially applied Figure 42. Rheological model -for
constant stress, versus time Stress removed behavior shown in Fig. 41. Max-j
at t = 7 min. Snow density y =0. 19. tempera- well and Voigt rheological unita inJ

ture -9C. (From Yosida et &I. , ref. 37) series. (From Yosida et aI., ref. 37)

4) Instantaneous comjlete recovery (C to D) of original elastic strain (OA)
upon stress release corresponds to stretching of Maxwell spring.

5) Slow recovery (D to DI) of the strain component (AA`~ "elasto-viecous
aftereffect" corresponds to relaxation of the Voigt unit.

In terms of the snow structure, it can be visualized that the Maxwell unit represvnts
the behavior of the aggregate as an ideal highly viscous Newtonir. fluid, while the Voigt
unit represents the complications arising from interference at zroups of neighboring
grains, w!awr. 1-cal stresses and straists are constantly chang. the grains move with
respect to o'ne anoli~er.

The saine mrndel has been applied also to the behavior of granular Ice at low strose. 1 0
It must be pointed -at. however, that rheologists have developed much more sophisticated

*theories of visco-ela'tic behavior.
The Maxwell rheological unit corresponds to the following relation between stress 4r.

strain el, time t. elastic modulus Ej, and viscosity lq.

The first term Is OA In Figure 41 and the second the vertical distance from A' to C.

Here for constant stress there is a constant strain rate d r 8:/St given by the slope
of BC.ThsiNetnaflw

(10)

whr r , /Es is the "retardation time."

The value of the exponential term decreases rapidly, so that AA' - nE 5 .
V~t htthli -coef 1caent is1WtMTsrt of dynamic viscosity relating to shear. since
Pisnsratio is close to zero here..

I ~- - - - - - - - - - - - - - - - - - - - - - -M

.. . . . . .. . . . . .
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The Voigt creep rate is
t
V" " (I Oa).

The total creep is:

t
6 A z + 34 +1  I (1

and the creep rate
/2

a -it 1 3 - ÷-. * (1+)

The second term of eq 12 reflects the transient creep rate, which rapidly decreases
with time.

At time tS, when the load is removed, the stress on the Voigt spring is s'*.

,.. s. (i-. 7). (1za)

I, The strain recovery by elasto-viscous aftereffect (DD in Fig. 41) takes place at the
decreasing rate is.

(13)

" r and the tc~al recoery at time t > to is

Alto

it (1-0 ,r ).(14)

If, at time t@, the plate exerting the constant stress v had been locked in relation to
the base of the vertical snow cylinder, the stress acting on the plate wouald have begun
to decrease by relaxation. The rate of stress decrease should be

&s. -wr at constant strain a$.

We use eq II and obtain, jat time to + At

II÷1
++

_At-
4 At-
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The stress itself is:

= A' (6)
1 +At I le "

The validity of the rheological model has not been tested by experimental verification
of eq IS and 16.

In the example shown in Figure 41, the parameters are as follow*:

Es = 0.96 x 107 dyne/cm'
Ea a 1. 92 x 101 dyne/cmr

• 2.45 x 109 dyne-sec/cm' (poises)
S9. 80 x 104 dyne-sec/cm' (poises)

V a S1 sec.

For fine-grained ice at -I0C we find values of the following orders of magnitude:

E, 29 10Of % & 10l1 poises

, & 101 s 1 0IU poises

r S 106 sec.
This shows the tremendous change in parameter values to be expected as snow density,
structure, and texture change with time and deformation. Here is one of the greatest
obstacles to the development of a general theory of creep mechanics of snow. Another,
which has already been touched upon, is the paralyzing effect of vary Ag freedom of
grain movement within the snow structure on formulation of creep behavior under com-
bined stresses.

Classical theory of creep deformation of solidi formulates t0 relations between
stress condition and pure shear strain, incompressibility beina -pt for Poisson
effects) an usp .'l ,remise. Hence an incompressible body c. A4 deform under
hydrostatic Etress condition because shear stresses vanish when tue principal stresses
become equ.,!. Bit snow does deform under hydrostatic stress, reacting by a permanent
change of volume, d .asifying apparently according to exactly the same laws applying to
creep by sh5eer."S

The modification of classical theory to account for hydrostatic "densification creep"
has tiot been seriously attempted. It is not known, for instance, whether the concept
of hydrostatic component (I z u's) remains at all meaningful.

The modified theory will also have to account for a phenomenon which emerged
early in snow mechanics:2 the fact that rate of elongation under uniaxial tension is much
smaller than the rate of shortening under equal compression (Fig. 43).

The significance of this difference in creep rate is accentuated by the small reduc-
tion of density during elongation (for instance 3.5% for an elongation of 16.65 2 against
large densification during compression. It is clear that eq 2, a very strong function, is
not valid when the dominating rrincipal stress is tensile and strains are large, which
could introduce an insurmountable difficulty into general theory. But eq 2 does apply for
small strains, in snows of different densities, in tensile creep. It may also be poC-siblo
to reconcile the difference between tensile and compressive creep rates by introducing
a "shrinkage stress" 6 r' as shown in Figure 44. re is a tensile stress required to
prevent a virtual densifcation, which is conceived to be taking place during subjection
of snow to compressive or tensile stress, but not during a condition of no applied stress.
If r is a uniaxial stress, then the creep rate in compression under r- !a is approxi-
mately equal to that in tension under r + @-.

Figure 45 illustrates another frustrating aspect of creep mechanics. It is a new
plotting of old data s on creep under uniaxial stress, Two samples, one of compacted

9
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new snow, the other of compacted old snow, wore a *
subjected to Increasing, high compression in 2a gLi? of .

stps It id noteworthy that at very high creep

a) the exponent multiplier ba ieq Net
decreases with increasing stress 0

b) The hyperb4 tic sinz law (eq 7) may a
not be valid. If it is valid, then wo will be much
larger than the 10 psi previously quoted.

The range of creep rate within which rela- j
tions 2 and 7 are valid is not known, but most
pr'3bably includes the maximum deformation U
rates tolerable in snow engin~eering (foundations, law - CeOMPONIN
excavations in snow, and snow roofs). That itel
does include natural densification creep over * g
the Ahole range of snow densities in the very 0 0 FLA N00
deep snow cover of polar glaciers is shown In
Figure 46. The points are measured densities Figure 43. Comparison of creep
at the indicated depths below the surface. The under unlaxial tension and com-
curve was calculated Ion the basis of validity prepsion for different stresses.
of the hyperb tic sine law of stress dependence (From Bader pt&I ref. 2)
(eq 7@ Ss 66U3 g/crn1 ) and the exponential law
of density dependence (*q 2, b a 1. 05). This
theory falls at y > 0. 84 g/cm), r > 5 kg/cm'h but then we no longer have permeable
Osnow, but rather porous ice.

r The fact that for the deep pit ut Wilkes, Antarctica (66 .jS, I 2E) the theoretical
curve fits well down to y > 0. 9 g/cm' (Fig. 46) indicates that it is the hyperbolic sine
law which falls at a, ~5kg/cm2 . At Wilkes ir -4.3 kg/cm1 s fo" y =0. 9. .Oin the same

y as at Site 3, Greenland, but b =15. 77. The creep rate of a - ppears to be highly
sensitiv" ten change of rate of stress application (second der i of stress with res-
pect to time). ýý nples taken from natural snow that had be4 .bjected to a slowly in-

*creasing load ;or decadois J showed an Increase in creep rate of the order of 106 when

ji0
PROMH4 sm 12.7 1.4 OA .14OKIc stonleu

Figure 44. Change in length of cylindrical snow samples versusI stress, at different elapsed times. (From Bucher. ref. 6).

LN
11P 

77

-~ 777

'4g-



54 SNOW AS A MATERIAL

- Kw SmeO

ItI/ C
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Figure 45. Strain rate versus density (g/cm3) of two ao - mples under
incrermental kneress of uniaxial stress. Creep strain r" i very high.

reloaded so-. oral hours after extraction from the snow mass. It is obvious that relaxa-
tion procestes Rro rrost important in creep mechanics; snow really never reaches a
steady creep statu, it is ever in a transient state of response.

4) Elasticity mechanics
Here we deal with high rates of stress application, where the elastic properties

come to the fore. Validity of Hooke's law has been verified experimentally 37for small
stresses. Young's modulus (E ) at -IOC determined from static load tests, increases
from 101 dyne/cm' at density 0. 2 g/cma to 1010 at density of ice, according to an unknown
function. Young's modulus calculated from resonance vibration (approximately 200 cps)
of bars is much larger.' Figure 47 covers the density range 0.27 to 0.6 g/cms. and
Figure 48 the whole range from 0.27 to maximum ice density. Two ranges for "or.linat /"
fine-grained snows are recognized, an exponential one for low density, and a linear one
for high density. For Site 2, Greenland-snow test temperature -9C, we have:

E a 6.3 x 106 exp 14.6 y dyne/cm' for 0.27Vy<0.5 (17)
and

E r (16.4 y-7.20) x 1010 dyne/crnm for 0.5 1<0.9. (18)
The modulus is higher than normal for wind-packed snow (very fine grain) and

lowtr for coarse-grained snow. Thus for a given density, E decreases with increasing

grain size.

Young 's modulus is dependent on test vibration frequency,' 9 usually decreasingby some 10% between 200 and 300 cps and then remaining fairly constant from 300 to

I
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N.
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Figure 48. Yound's modulus by vebra

Figure 47. Young's modulus of snow versus tian of snow and ice versus density, for
density, obtalnedfrom vibrating bar@. Site 2, an extended range of 'ensities.. Site 2

Greenland. (From Nakaya, ref. 29) and Tuto. Greenland. (From Nakaya.
ref. Z9)
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0.4 .iW" ! t.o Figure 50. Thermal conductivity k versus
D"VIV Now$) density y.

Figure 49. Poisson's ratio and Young's modulus
versus density, obtained from geim= ic wave vs-

Incities. Site £, Greenland w
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600 cps. The smaller value at zero cycles may indicate the existence of a maximum
somewhere between 0 and 200 cps.

Seismic depth-sounding at Site 2, Greenland, Igave information on elastic moduli
as a function of depth, which can be converted to one of dcnwity by means of the depth-
densty relation (Fig. 46). Values of Young's modulus E and Poisson's ratio v are
showr in Figure 49. The deviation of v from the line is-hardly- real, and we write:

v 0 . 22 # O. IZZY/ 0. 4 <y< 0. 7Z (19)

E (18. Sy -7. 85)x 1010 dyne/cn 2  0.4 <y< 0.72 (20)
These values of E are a little higher than those obtained from vibrating bars (eq 18).
Seismic records'show no frequency dependence between 70 cps and 500 cps.

In large snow masses, sonic waves propagate according to the equations used in
seismic sounding:

compressional wave velocity vp = (-2v

shear wave velocity vi p (22)

Substituting from eq 19 and 20, we can write expressione for wave velocity as a
function of density, for Site 2 snow, 0. 4 5<y< 0. 72

ve Z. 74 x 10 ,,,' (I + O. 'y cm/l-.c (23)

S2 Vs I cm/ser (24)! p " 4 2. 295 - y

Relations between Equivalent Param.ni•rs

For cor.venienct in transformation between interchangeably used parameters, the
following relari:;.s are given:

Vy density, g/cmn O<y4 0.917

V • specific volume, cr/g Is>V> 1. 090
n a porosity, dimensionless 1>n;0
a a void ratio, dimensionless 0a>.e,0

ay 0.917, density of ice

V1  1.090, op. vol. of ice

Y iy# Y" -#•" )=.,-'T v•

I ~ VI

y T 1 VV

v
&" " e
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Conversion Table
Several dimensional systems are used in text arnd figures. The following conversion

table in given to facilitate trsnsformation.

I psi a 7. 03 kg/din' a 7. 03 x I 0*l kg/cml 70. 3 g/cml = 6. 90x 106 dynes/crni

1 kg/din'= 10'a kg/cm' 10 g/rm2 9. 81 x 101 dynes/cin! z C. 142 psi

1 kg/cm'l 10' kg/din' x 101 g/cml 9. 81 x 105 dynes/cm2 = 14.Z psi

I g/crn' x 0. 1 kg/din' x 10' kg/cm' 9. 81 x 10' dynes/cins = 1.42x 10' psi

I dyne/cm3 - 1.O02x 10'2g/cmA _ 1. 02%10' 4 kg/dm= 1. 02x LO~ kg/cm'
x I.45xI0 psi

I kg/rn' 2 10'. g/cm3

I g/cm' a 10' kg/rn'

I kg sec/rn' a 98. 1 dynes sec/cml (poises)

I dyne sec/cm' a 1. 09x 10'2 kg sec/rn'

I degree Fahrenheit z5/9 of I degree Celsius (formerly Centigrade)

Degrees F a 32 + 9/5xdegrees C

f ~ Degrees C z5/9 (degrees F - 32)

Degrees Kelvin 2 73. £ + degrees C

I g/cm' Z . 048 4f

I g/cm3 6Z. 43 lblfts.

H. THERMAL PROPERTIES

The spcfcha of the gas in the pores Of Snow i0 Of th3 order of a thousandth of

that of theile-cntent; hence the specific heat of snow is almost equal to that -f ice

Latent heats of mqlting arid sublimation of snow and Lee (W 80 cal/g and of 700 cal/g .
respectively) are also almost equal. The values for ice are discussed In another section.

It is possible that high precision meast-rement on snow, especially in the vicinity ofIthe melting point, would show small deviaticno from the heat values of ice. due to the
effects of small grain size and large interphase surface. The effect of Interstitial gas

would 
then 

also 
be felt.

would expect themto be somewhat smaller than those of ice -linear. im 50x 10 INper IC).

The thermal conductivity of snow Is not well known; measurement Is difficult, and
the value is -not on-T a function of density, but depends also on structure. texture, and
Interstitial aiasflow. Thermal conductivity of wet snow must be zero, because it Is iso-
th.,)rial. Heat can penetrate wet snow by only two means, short wave radiation and
percolation of melt water (release of latent heat upon refreezing). Thus a wet snow

la,ýer is an efficient one-way valve foe, heat which can get in (down) but not out (up).
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In contrast, heat flow down through a dry snow layer under a temperature gradient
is smaller than heat flow up under an equal, but inverse gradient. Let us list the
mechanisms of heat transfer in dry snow.

A. Conduction through the ice network.

B. Conduction through the interstitial air.

C. Radiant energy transfer between grains alog emperature
gradient.

D. Via mass transfer in the vapor phase by diffusion along
water vapor pressure gradient.

E. Via mass transfer of air and vapor in convective flow.

The magnitude of the cotnponents A and C does not depend on whether heat flows
up or down.

When the upper surface of the snow layer is warmer than the lower one, the inter-
stitial air is stable (E = 0) and components B and D contribute to downward heat flow.
But when the top is colder than the bottom, the interstitial air mass is unstable and
convective flow can set in. Component E can become much larger than B = D.

Reference 24 is a good discussion of the problem of heat transfer with a list of
references. The following iniormation is extracted:

a) of the component (A + B + D), B accounts for about I at
V a 0. 33 g/cms

b) Component D is almost independent of density, and can comprise
as much as j of the heat transfer in a snow cove

c) Component V cannot be smaller than B.

d) Componsnt C is probably not significant; the temperature is too
low for high radiation flux.

A nus . ^ different empirical equations relating thc :onductivity to density
alone have besu proposed. Four are listed in reference 36, together with individual
field at d laboratory measurements; a fifth comes from reference 23. The empirical
equations for k represented in Figure S0, are:

"Abele (1894) k - 0. 00689/ cal/cm-sec-C 0. 14<y<O. 3 4

SJaneson (1901) Ik a 0. 00005 + 0. 0019y + 0. 006y4 0.08<y< 0. 5
Van Dusen (1901) k 2 0. 00005 + 0. 001Oy + 0. 00529 7

Devaux (1933) k a 0. 00007 + 0. 007y 0. 1< 1 c< O. 6

Kondrat'eva (1945) k z 0. 0085y9(artificially compacted 0. 35<y
snow)

The desirability of new determinations of thermal conductivity of snow under v ell
defined conditions is evident. The relative influence of the factors listed above should
be further investigated. Grain size may influence conduction through the Ice network
(factor A) sufficiently to have to be taken into the conductivity equation.

The reflection, absorption and scattering of radiant enern by snow will be discussed
elsewhere. Here it is only mentioned that snow has an albedo (ratio of reflected to inci-
dent intensity of visible radiation) range of above 0. 9 for clean new snow to about 0. 5 for
clean melting old snow. Dry snow without crusts is an almost perfect diffuser in the
visible range (ref. 14) and both dry and wet snow are essentially black bodies in the
infrared. Dry snow is relatively highly transparent to radiation of some radar and radio
"frequencies.

I O
7.7-- -
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J. ELECTRICAL PROPERTIES OF SNOW

by

Daisuke Kuroiwa

Introduction

Sr.ow can be considered to be a "mixed dielectric" composed of air and ice.
(Wet snow is a. three-component systenm of air, ice, and water. ) As mentioned in
previous Chapters A and B. the snow cover on thc ground changes its internal structure
with time. It is to be expected that the dielectric properties of snow will become very
complicated because of the continuing metamorphism. Since the main part of the dielec-
tric material of the snow is ice, & brief description of recent studies of the dielectric
properties of ice are given first. Then, the dielectric properties of the deposited snow
are described from the viewpoint of the "mixed dielectric," bearing a close relation to
its internal structure; and finally the dielectric behavior of snow in the high frequency
range is treated as one of the problems of radio and microwave engineering in snowy
regions.

Dispersion of the dielectric constant of ice

A great number of measurements have been conducted by various authors such as
Wintsch (1932). Smyth and Hitchcock (1-3Z), Murphy (1934), Kuroiwa (1951). Auty and
Cole (1952), Hunibel, Jona, and Scherrer (1953) and Granicher (1957) since 3. F~rrera
made his first experiment on the frequency dependence of the dielectric constant of ice
in 1924. The anomalous dispersion of thu dielectric constant of we in the audio region
is expressed by the well known Debye formula for polar dielectrics.

co = el - ; Ell - +
1+ jwr

Swe co I- z =3in d -i --onstant of ice. s' aid s" are real and imaginary
par of to, -rm.rw---z*y. z.• • iled the "static dielectric constant" 1- "direct
cszirsnt diels.-----. ==sta.t" aý L is the "high-frequency dielectric constant" or
"c-,ical dielec-•zc constant. - .h'he relaxation time, w the angular frequency. These
Simportant constarm? fundaz'wwta- to dielectrics.

The characterisr-. constanr _,, t., and " can be determined approximately in the
foliowing way. If v.e eliminate 6- trom eq (1):

g o (2)r

This is an equatx= n a ci=-•--uuoreeed by t"and a". Consequentl,, if measured
values of c' and irr nint••u :or eac.* frequency in rectangular coordinates, their
loci will form a sc:--ie of •aiah-ter (co - c.o) with its center on the sl-axis at the
location of I/ ..... , Thit in mer so-called "Cole-Cole" circle. The typical Cole-
Cole circles of wwritus minds w z- -.oained by Auty and Cole (1952) are shown in
Figure 3-. The number showr i . nx noint on the circles shows the frequency in kc;
frequency •=rearms from right -,: ai -m the circles. The two interse,;tions of indi-
vidual seMrrircies with the a'-axt; zte r and to respectively. Curv, (a) represents
e* of ice wnch has cracks pernwti: •-,r to the direction of the applied electric field;
curve (b) tnat of we which is cormu.rieý oure, with no cracks and bubbles;
curves (c) and (d) that of ice whiun ý. sb;ihtIy contaminatai with impurity, but
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has neither cracks nor air bubbles.

UDesignating (b) as giving the standard
70) value of 0 of pure ice, and estimating

so and se., one obtains to = 95 and
s eqe r 3.2. In case (a), where cracks exist

50 in the interior of the specimen, to = 60

taminated ice. , = I10. and e.o = 3.2.
30 As shown in Figure J-1. chemical impurity

increased so to a value greater than that
o•. of pure Lce. On the contrary, cracks and

to air bubbles diminished €0 to a value

l0 a• 1A smaller than that of pure ice. (The influ-
0 20 40 60 00 too t20 ence of chemical impurities on the dielec-

tric constant of ice is remarkable. Srnyth

Figure J-1. Complex dielectric constants and Hitchcock (1932) found that it was
of various kinds of ice (AutyandCole, 1952). incraased by more than 20% when potas-

sium chloride was added to the water in
so small an amount as 15 mg to a liter of

water. Humbel et al. (1953) also found that the dielectric constant of contaminated ice
could reach the v'alu7e of about 1000 at low frequency range while that of pure ice lay near
90. ) However, no influences of the contamination or cracks are observed in high-fre-
quency dielectric constants obtained from extrapolation of the Cole-Cole circle. (This
fact does not mean that the high frequency dielectric constant is not Influenced at all by
cracks or contaminatiLon. because the Cole-Cole circle is only an approximate method for
obtaining ts).

The determination of r is as follows: as seen from eq (1), s" takas a maximum
value for the fre uency wmax which satisfies wr = 1. If the frequency which gives a
maximum e" on Ihe frequency dependence curve is designated by wmax, one obtains
r a I.max. The anom-,alous dispersion of the dielectric constant ice in the audio-
frequency range was explained by Granicher et aI. (1957). ass that the dipole
nrientation ,nf -,nmr molecules in the ice crysrarcan be achieve igh lattice imper-
fections. The rulaxw Lion time r is the time required for the dilt.* orientation in %n ice
crystal, and is expressed by

,r a A enj; (E/kT) (3)

where A is the frequer;.:y factor due to !attice vibration 5.3 x 10"16 Vec, E tue activation
energy required for the orientation of dipole (a13. Z Kcal/moll k the Boltzmann constant,
and T the absolute temperature, "K.

Since the ice crystal belongs to the hexagonal system, an anisotropy of th. dielectric
constant in'the directions of the crystal axes Is to be expected. According to the experi-
mental suidy of Humhel et a. (1953). the dielectric coastant of a single crystal of ice in the
direction parallel to C-0irwas about 10% higher than that in the direction perpendicular
to the c-axis, but the anisotropy was lost with decreasing temperature. (At a tempera-ture below -90C, It became isotrupic.)

As shown in Figure J-1, c.0, the high-frequency or the optical dielectric constant,
is 3.2. This value does not agree with the square of the optical index of refraction of
ice (1.313 s 1. 72). Recently the measurement of ge0 of ice was externded to 1.25-3.2 cm
wavelength by Lamb and Turney (1949) and Cumming (1952); however Its value still
remains at 3. 18.

Dielectric properties of snow In the audiofrequency range.

Cole-Cole circle of se of snow. In order to measure the dielectric constant of
snow, a block cut from naturally compacted snow was placed tightly in a condenser box
as a dielectric between electrodes. The measured values of tl" for various kinds of
snow are given In Figure J-2. Curve 1, Figure J-2a shows he- rapidly the 'dielectric

. J I I I I I I I I I Il l ,I
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Figure 3-2. Complex dielectric constants of various kinds of snovw.J

constant of wet @now increases with diminishing frequency, which must be ascribed
chiefly to the increase of ionic conductivity due to the presence of liquid water. eq awl
a. of wet snow (o1iataned from extrapolation of the Cole-Cole plot) are 33 and 4 reasp
tively. After finishing the first measurement, the same specimen was placed In a cold
room and the second measurement was carried out at a temperature of -9. DC (Fig. 3-ia,
curve U). Here we get c* 0 26 and co = 1.8S. The difference in as,. between wet snow
and dry snow must also arise from the presence of liquid water in wet snow. It, fact, the
dielectric constant of water remains about 80 up to microwave range. whereas in the case
of ice the dispersion occurs in the audiofrequency range. Figure .7-1b shows 0C of "pure
snow, 1 a vtery loose assemblage of hoar frost crystals which was carefully prepared in a
cold room, without any contamination being introduced. As is expected, ec of pure snow

* forms a complete semicircle. Figure 3-Zc and .7-Zd represent the $11-curves of granular
*nd cornp act snow. respectively, immediately after the snow was packed into the condenser
(curve I) and about half a day later (curve UI). Although the temperature of snow and

* macroscopic density were constant in both cases, the dielectric constant increased with
* the elapsed time. c,. obtained from extrapolation of the Cole-Cole circle, increased

71,"07,717
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from 13 to 17 in granular snow, and from 13.5 to 17 in compact snow. However. no
change of sm was obserted ;n either case. The time dependence of the dielectric con-
stant of svo• is explained by the fact that the ice particle• in snow become more and
more coherent as time elapses, being connected by ice bonds formed mainly through
sins•ring processes. Adhesion between snow particles and electrodes also will increase

• • with elms, with a resultant increase m static dielectric constant of snow. tThe detailed
S.• expla:•ation will be given later. )

.' Wiener'e theory for the n, lxture of dielectrics. •nw •=ow, considered to be a
"mixture o• dielectrics," consists of two media - ice and air. In general, the mean
electric field E of the mixture is given by the following relationships

• o" •. : pE, + (I -p)Ez, • (4)

• E = •IpE| ÷ sj(l -p)EI !
where El and Ea are the mean electric fields ot the media I and 2, respectively, t is
the resultant dielectric constant of the mixture, st and sa are the dielectric constants of
each component medium, and p is the proportion of the volume occupied by medium l to

the total volume.
Putt/ngEt/E; = U -" sa + u /€1 ÷ u, we obtain

• • •tpU÷ •,(1 .p)

t pU ÷ (l -p) (s)

or •'_X! , • ÷ (l - p)(s, • l)
• +U •l+U Cjl÷u

This is Wiener'• equation (or the mixture ot dielectric•. The resultant dielectric cone
• tans ot the mixture is not only a function of p, but also depemls oI the parameters U or
u: The magnitude •f u, the so-called "form number" {Formght' •erman), is €lot-ely
•elated to the structu're of the dielectric mixture. U rn•um. •persed in medium Z
with a •mall., •tm.., concentration p, u i• determined onl)" by t• . .ape o( dispersoid I.
To determivte how u earle, with •n ar•itrarlly varying shape ot the dispersoid is a diUi-
cult proble:n, b,•t •'e --an grasp the ides of the physical meaalng ot u from the following
€onelderat•ons. A;•ume that the shape ot the dispersoid l•rticle is-cylindrical. Then,
//the cylinders were •rranged between the two electrodes of a condenser •:.ith their axes
parallel to the direction of the applied field, u would be infinlttly large, since, in this
case, the resultant dielectric constant t of th"e mixture comes out to be

• • p,, ÷ (l-p) e, (u • .• (6)
which, as l• to be expected, gives ;h: average.value o/the two dielectric constants, and
expresses the maximum value attainable for the resultant dielectric constant of the mix-
ture with given concentration. I( the bhape of the dlspersoid particle is spherical, u ffi :..
// the dispersoid consists of thin plates with their plao.as W, qmndicular to the direction
the applied field, u • 0, and

, • -- ,,-••-•-- (u • 0) (•)
sllJ "P) t sap

which is •he minimum possible value of t.

/f we assume an equivalent circuit for these snow condensers, eq 6 and 7 mean a
parallel connection end a series connection of the ice condensers and the air condensers,
respectively, i

/ .- According to these €onsiderations, increase t,.t form number u implies the increase
/ Of lengthwise arrangement of the dispereoid in the direction of the-applied field.

N
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Static and hi h ire uenc dielectric constants of the natural snow as a function

ofp. InFgureJ-3, to and €_,of various kin a of snow are plotted againstp, the ratio
of the density of snow to that of ice: p gives the proportion occupied by ice particles
in a unit volume of snow. All the data were obtained irmmediately after the snow was
plat ed in the condenser. It is seen that the values of both t0 and c., show a general
tend,-ncy to increase with increasing 2, being scattered within a n;.rrow band, as indi-
cated in the figure. Cutvee (al, (b),(c), (d) and (el reprer.nt the relationship between

8o and p calculated from eq 5, using values of u = 0, 2, 10, ZS, and g, respectively.
(In this calculation, gl = 80 for ice, and ca = 1. 0007 for air were used. ) The observed
values of to of natural snow were dispersed between (c) and (d), implying that their
form number ranged from 10 to Z5. The observed values for e,, were scattered close
to curve (b') calculated by using u = no, l -- 3.Z for ice, and 9, = 1. 0007 for air. The
form number for c,, came in the range Z. 5 to 10. Curve (a') illustrates the mnirrum
value of t,, calculated as u = 0. The black circles indicated in Flgurc J-3 rcprc^cnt the
Cumming's results (195Z) for the wavelength of 3. Z cm. A good agreement is found
between c. obtained from extrapolation of the Cole-Cole circle and that measured
directly b) microwave techniques. Three arrangements of the dispersoid for the cases
of u = 4% 2 and 0 are shown schematically in the lower right corner of Figure J-2.

Variations of c* and electrical conductivity of snow due to ice bonding. The ice
particles in deposited snow oecome more and more cohezent as time elapses, being
connected by ice bonds; this has a great ,nfluence upon the dielectric properties of snow.
Curves (c) and (d) in Figure J-Z show this effect but the fiu!!owing experiment demon-
strates this phenomenon more clearly.

A block of compact snow was pulverized to powder to break up the ice bonds, &nd
then was packed to an average density of 0.45 g/cm5 in the conde. ser. The temperature
was kept constant at -3. OC. The observed variations of e' and el with frequency are
illustrated in Figure J-4a, the lapse of time after the first measurement being taken as
the parameter. lijure J-4b gives the corresponding Cole-Co'- diagram for t*. C'
obtained thro-agh vxtrdpolation is found to increase from I. S 34 as time elapses,
while P., r-rr i.-,; constant The form number u, as indicj. this figure, also
increases -. ith L! ae from = Z0. 9 to 263, which-implies tha . ice bonds were pro-
gressiv .y furnemd betweea ic:. particles and likewise between the electrode and ice
partlc. 1. 7he nwatual cohesion of ice rystals is at first ýnly insignificant, but as
time gues on icc bonds begin to grow, so that the crystals arc event-ally linked together.
Figure J-5 shows tý e variation of apparent electrical conductivity Ka of the same
specimen as a function of time. Ka.c of snow increased with time, •hough the else-
trical conductivity of ice itself does not change with time. Such an aging effect on K
of snow must be explained by shortening of electrical paths due to the ice bonding.
Schematic diagrams of ice bonding taking place in the snow condenser a.., shown In
Figure J-5.Ice bonding under tho constant temperature- is achieved mainly through
sintering processes described by Kingery (1960) and K..iuiwa (1961).

Dielectric aftereffect and direct-current conductivity of snow. It is easily under-
standable that many difficulties in measuring dc conductivity will arise from the
complexity of its internal structure. In addition, natural snow contains chemical
impurities; for instance, the following chlorine ion content can be observed in I literof melted snow: several hundred milligrams near the sea coast, several tens of
milligrams in an urban district and a few milligrams well inland. The chemical
impurities greatly influence the d-c conductivity of snow. When a d-c voltage is abruptly
applied to a condenser filled with a dielectric, the total current I passing through the
condenser, in general, can be written in the following form:

I -.1 + It + Id ()

where I0 is an instantaneous current, I1 a time-dependent current, and Id a time
independent current or d-c conduction current. At the moment of application of the d-c
potential, 10 flows as a result of instantaneour displacement of interatomic electric
charges, then It follows immediately, indicating an exponential decrease with lapse of

-7
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.~ • time. (The time required for It to drop
to 1le of its initial value is the relaxation

")60.46 aftes time r - I Afnax, where wrax is an
angular frequen-y which gives the maxi-
mumn value of dielet ric loss.) After a
certain period, It approaches a time-
independent cuvrent _d given by a true

K, go."" ,i."CATtt.0 resistivity or d-c resistance of the
Ag • A09 , dielectrics. These phenomena are

called dielectric aftereffect. If the
material is pure and has a single relax-
ation mechanism, .I or d-c conductivity

1C9-e=f,, acan easily be measured. On the con-3 ~trary, if the material is impure land has
Ca complex relaxation mechanism like aCYCLE[S P "Como *snow, discrimination between I.t and Id

"Figure J-5. Variation of apparent elec- becomes very difficult because of ioenc
trical conductivit K••.c ot *now with conduction due to chemical impurities.

A snow block cut out from the bottom
layer of snow cover deposited in an urban

district was used as a specimen. Its density was 0. 4 glc/rs. The initial currents are
shown in Figure J-6. Figure J-6a illustrates the time dependency of I ds a function
of the applied voltages at constant temperature -12C. Since it was impossible to deter-
mine Is and It accurately for times shorter than 2 x 10" saec, part of the curve is shown
by dotted linres. The observation of It was continued for S man after application of the
voltage but the decrease of It still c'ntinued. The inserted graphs. d. show the decrease
of It at 5' 10', see, 5" 10", iec, 5" 10" sec. 5 sec and S min against the applied voltages.
Figure J-6b represents the records of It vs time for different temperatures at constant
applied voltage 290 v. As will be seen in curves a, b, c, and d, It decreases remarkably
with decreasing temperature, implying that d-c conductivity of ow strongly depends on
the space charge polarization. In both experiments, therefo was very difficult todetermitse t) ý t. -Indlependent current Id. But, if we defin. the current at 5 min
after the el -c voltuge application, the d-c resistivity of this *no* comes *sit to be 4.d28 x
109 nhm" t mr' (at -IZC). The behavior of the space charges in nttural snow containing
some chemic;tl in..'rrities is durnanstratccd more concretely by the following experiment.

As shown in Fi&,are .- 7. two probe electrodes IT and T were inserted into the snow
condenser. T, was located at 1/5 the distance between the two electrodes of the condenser.
T at the center position between them. A potential of 300 v was applied to the snow con-

rnser, and the voltage change with time between probes and outer electrodes was
measured by an electrometer. Curves I•, I represent the voltage chaneu, of the probes
T and T , respectively. The potential Ia increased with increasing time, but that of
tC was kept constant. According to Joffb (1918), the change of voltage of the probe Tj
s explained by the migration of the Rpace charges with time. Sikona (1957) measure-

the d-c conductivity of snow using sandwich electrodes and observed a similar pl-enorr enon.
A reasonable explanation has not yet been given for the mechanism of the space charge
migration in snowl however, the following mechanism may be prol msed for the electrical
conductivity of snow. As was pointed o.ut by Murphy and Lowry (1930), electrical con-
duction in solid dielectrics composed of microscopic cellular structures is achieved
through a thin liquidlike film which can be considered to exist on the interfacial surfaces,
where many ions are absorbed as shown schematically in Figure J-8. After the application
of the electric field, these ions can move towards the applied field and cause polarisatao.l.
Nakaya and Matsumoto (1953) suggested the existence of liquid water film on the ice
surface even at temperatures below OC. In the case of snow, the liquid film can be
considered ,o be a liquid solution film containing some chemical impurities. Its thickness
will increase with ircreasing temperature. At higher temperature, the increase of freely
movable ions results in the increase of the electrical conduction of sn6w. In fact, snow
particles are connected by ice bonds. The space charges can be transferred through long

* f
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II

Figure 3-7. Change of potential of probe
electrodus inserted into snow condenser.

we CJONFIAg~t IMV LAMA,

P2s1

l e l e

$fem a," 0 I I

-2 -4 -*4 -0 -- 0 -15 .4 -L -45 -50 .93

TaUPIA*TUM 4C)

Figure J-8. Temperature dependence of the thicknieus

of solution film in equilibrium with ice sphere.



SNOW AS A MATERIAL 73

I. 

,0

Figure -9Retio ewen n tPall WAIR CONWATER%

water content in snow,. As dielectric con- Figure 3-1O. Au interference method for,stant (wet snow) -- dielectric constant (dry determining the dielectric constant of snow
snow). (Asami and Kurobe, 1949).

electrical paths formed by ice bonds. In Figure 3-8, curves (a) and (b) represent the
temperature dependence of the thickness of the solution film existin. on the ice sphere .
surfaces. Approximate calculations were performed by assuming tnat: 1) 30 mg of
NaCI are contained in one kilogram of ahOy., 2) snow is made of pure ice spheres.
having diameters of 0. 5 mm and 1 mm, respectively, 3) each particle is covered with
a concentrated NaCI solution in equilibrium with ice at a given nperatur-e. The
thickness of the solution film increases with increasing temp, e: this fact may
explain thc I,.•- -~ ture dependence of the electrical conducti. . snow.

Dielectric .. ........... •or*_lc of snow in the high-fre.. guency range -- in relation to radio and I
"\ ~~micr~owa •,; com~ i I:' , ,•ation problems ,•) a :nowy, district

Dielectric centrt~nt of wet snow. Since the dielectric constant of water is much

0I

large'r than that of ice at high lre-iuency (from 2 tn 1 04 megacycle.). namely about 80for the forrrer and 3.2• for the latter, it is to be anticiptetd that €.o of wet snow mustincrease in propo~rtion to its fr~e water coitent. The presence of e'ven a 5--nlI amount
of liquid ,water, will be of ;;rtat in~portance for the dielectric behavior of snow,. In
Figure i-9, the difference Ac between the high frequency dielectric constant of wet snowand that of dry snow is plotted against free water content. Wet snow having a densityof about 0. 5 g cm 1 was used in testing. The observed curve (aS does not pass throughthe o'rigin of the coordinates, that is. As remains finite, even when tree water content is
measured as zero. (This arose from the fact that the centrifugal se,'arator was it.capableof separating free water completely. ) A true relationship between As and water content

should be expressed by curve (b). The dielectric constant of dry srnow having a density of0. 5 g cm3
, for example, is found to be 2. 4 (Fig. 3-3). If this snow becomes wet until itcontains 20% water, its dielectric constant will become J- 4. n.8 a 4.2. Figure J-10

shows another e-periment concerning the determination of the dielectric constant of wet*., snow by the interference o) an electromagnetic wave. An electromagnetic wave having
a 9 cm wavelength was emitted horizontally from a transmitter and projected by a me-
tallic reflector onto the surface of snow packed in a shallow box. Part of the incident
wave is reflected at the snow sulace, and another part is refracted intg the snow andthen refected again at the base of the 2) w. Reflected and refracted waves combine to
make an interference image on the receiver placed opposite the transmitter. When water
was poured onto the snow durface, the signal received by the receiver changed as

Dfunction el the quantity of water. The dielectric constant of the snow increased with

ty

fo h o m rad3 o h at r ti ob niiac h tC0o e n w m s

increase~~~~~~.~ inp o oto oisfa ae otn. T ep eec fee -ala on

of liqui wate wil be of; ctiz*7efrtedeeti bh vo fso .I
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increasiaig water content. The change of the dielectric constant of snow corresponds to
the apparent increase of the thickness of snow. Therefore, IL can be assumed that the
following relations are satisfied between wavelength X, thickness of snow d, and s:
dr'eA - 3/4, dr /)A - I, and d,%rseA = II at the points a, b, and c on the curve. One can
easil calculate the dielectric constant of wet snow from these relations.

: . 3 (at a, no water poured)
a 4.0 at b, 1.5 litirs of water poured)
a • 6.0 (4t c, 3.0 lit, ýs of water pout rd.

Loss factor, tan ;6 of Snow at high frequency range and absorption of t"' electro-
magnetic waves _ty snowTho loss factor, tan 6, of snow is needed in radio communi-
cat-oob in a snowy district. In Figure J-ll, values of tan 6 obtains.1 by various authors
for snow of 0. 3 g/cms are plotted in the frequency range between 10s cps and 1010 cps
(100 kc and 10 gc*). Unfortunately, observed data are lacking in the frequency range
between 101 and 8 x 109 cps (10 mc and 8 gc). There is no reason, however, to suppoce
that the frequency dependence of tan % in these ranges is not monotonic, so that the
vRlue of tan 6 can be estimated from a dotted line if required. As is expected from
previous sections, tan 6 of snow is greatly influenced by a free water content. Typical
data measured at 9. 37 gc are given as a function of the free water content in Figurc J-l I.
Black circles represent the values of tan 6 for ice obtained by various authors. No good
agreement of the observed data is seen at the frequency of 1010 cps.

If the initial amplitude of the electromagnetic wave projected vertically onto the
snow surface is expressed by 10 (at x a 0) and that reached at a certain depth from the
surface by Ix (at x = x), Ix is givtn by

Ix e is exp ( ay-e) (9)

where

£3 -• i l+tana6 1)

k, the %avelJgttv;'. the dielectric constant of snow. Using . the ratio Ix/I0 can
be calculat,:d as iollows:

Depth Ix/ 1 9 (for 1 me) 1 x"/I (for 5 mc) at -4. OC
I m 0.999 0.985
Z m 0. 0*85 0. 970

Decrease of radiation power from high-frequency ant-nn;A due to icing or snow
accretion. A cormimon rfrblem in snowy districts is snow accretion or icir. on
antennas. As mentioned above, the absorption of the electromagnetic wave in snow due
to dielectric loss can be considered to be negligibly small, so long as the snow does not
begin to melt. In order to study this problem. Asami and Kurobe (1949) made this
laboratory -,xperiment: A dipole antenna was enclosed in a glass tube, and snow was
packed in it to create a situation analogous to natural snow accretion. A wavelength o
9 cm was used. When the air temperature was kept below OC and the snow was main-
tained in a dry condition, no effect was observed, but when the antenna was placed in a
warm room kept at +16C. a remarkable decrease of radiation took place with elapsed
time. In Figure J-12a, curve I shows the decre3se of receiver current with increasing
time. The snow begins melting at the contact surface with the inside wall of the glass
tube. Since water content of the snow should increase with time. it is quite natuzal to
assume that the decrease of radiation of an electromagnetic wave can be attributed to
the increase of free water content of snow. The same experiment was conducted using
an iced antenna. When the surface of ice which covered the dipole antenna bcgan to
melt, tl.e radiation power greatly decreased as shown in Figure J-12. curve U. Figure J-lZb
iliustrates another experiment for an electromagnetic wave of 100 cm wavelength.
In this case, only a slight decrease in radiation was observed at the melting point. though
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Figure J-11. Tan 8 of snow at frequency ringe 10E- 9 , cps.
All values not otherwise marked were obtained by the author.

toý surface of ice was covered with melted water. In above-i' 04oned experiments,
the ilecrease of receiver current takes place mainly as a re. an impedance mis-
matching of -1., -if ona and dielectric losses due to wet mnovi :etlon or icing. When
a completo matching of impedance was applied for the antenna, no decrease of radiation
power wa3 observed. From this fact, the inference can be dravn that the decrease of
radiation of the electromagnetic; waves ma~st be attributed more to thc. impedance mis-
matching of arteunna circuit than to the dielectric loss due to snow or Ice.

Deflection of a beam of eletromagnetic waves emitted from ani iced feedhorn.
Microwave iuidiation Is transmittdaa straight beam from a feedhorn. It is very
important for microwave communication in snowy districts to know how 'tich deflection
of an emitted bezmn occurs as a result of icing or snow accretion on the feedhorn. In
order to obtain some information about scattering of the beam under those conclitions,
microwave radiatio~n of 13 cm wavelength was transmitted from a feedhorn having the
dimensions shown in Figure J-13.A clatector was fixed at a distance of 60 cm from the
foodhorn. and the etrerngtt. of the .1 ,ctric field emitted frcm the feedhorn was. moasu. ed.,
The feedhorn couild be rotated horizontally around a vertical axis to measure the dis-
tribution of the field strength of a scattered beam as a function of Lie angle of rotation.
The typical distribution curves of a scattered beam are Illustrated in Figure J-13. Curve
(a) represents a normal distribution curve of the emitted beam from a non-iced feedhorn.
When the horizontal axis of a feedhorn was directed toward the detector (in this case,
angle z 00), the strength of the electric field reached a maximum valuei whon the feed-
horv was rotated around a vertical axis, the detector gave a sharp symmetrical distri-
bution curve from side to side. Curves (b) through If) illisutrate the chahgi in the
distribution curve of the scatter6d beam em~itted from the feedhorn when the snow block
was attached in various waya to its inside isurface. Curves (g) through (J) represent
the cases where the snow blocks of various shapes were attached to the outside of the
feedhorn. All experiments were carried out with wet snow. Dry snow kept below OC
showed no influence on the transmission of a 13 cmn wave. Figure J-9 suggests that wet
snow accretion of irregular shape on the feedhorn greatly disturbs the direction of the
emitted beam. Uniform snow accretion, e. g. (f) said (j). however, does not deflect the
beam significantly.

Ik
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